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I. INTRODUCTION 
During the current grant period, cur experimental program has 
emphasized mainly the study of adherend surfaces and fractography using 
Electron Spectroscopy for Chemical Analysis (ESCA) and Scanning Electron 
Microscopy/Energy Dispersive Analysis of X-rays (SEMIEDILY) . In addition, 
Auger Electron Spectroscopy (LIES) with depth profiling capability has 
been used. The scope of the program is outlined in Table I. 
Contamination of adhesion systems can play an important role not 
only in determining initial bond strengths but also in the durability of 
adhesive bonds. Sources 3f contamination effecting adhesiue bonding 
and bond properties are listed in Table 11. The analytical techniques used 
in our researcn program are suited uniquely to characterize and mor.itor 
such contamination. 
L 
Selected results of the research under the grant were presented 
in three papers at two national meetings 1::cribed in Appendix I. Copies 
of the manuscript of three papers submitted for publication are included 
in Appendix 11. 
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TABLE I 
SCOPE OF EXPERIMENTAL PROGRAM 
A. Graphite Fibers 
SEX. ESCA 
B. Kapton Film 
1. Metallized Kapton 
ESCA, AESIDepth Profiling 
2. Fractography of Bonded Kapton F i l m  
SEM 
C. LaRC Monomers 
ESCA 
D. Contamination of Ti 6-4 
AESIDepth Profiling 
1. Anodized Ti 6-4 
2. PhosphateIFluoride Ti 6-4 
E. Fracture Surface Analysis 
SEM, ESCA 
1. LaRC-13Ino elastomer 
2. LaRC-131elas tomer 
3. Sample So. 1499 P-1 
F. Surface Analysis of Primed Ti 6-4 
SEM/EDAX, ESCA 
1. W P Q  Primer 
2. Phosphate/Fluoride Treatment with BR-34 Primer 
3 .  PhmphatelFluoride Treatment with MEPPQ Primer 
4. Phosphate/Fluoride Treatment with MEPYQ Primer-Boeing 
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TABLE I1 
SOURCES OF CONTAMINATION EFFECTING ADHESIVE 
BONDING AND BOND PROPERTIES 
Raw Materials Processing 
Ad her end 
Adhesive 
Prebonding Treatment 
Chemical Solution Contributions 
Alloy Constituents 
Environment 
Storage m d  aandling 
Bonding 
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11. EXPERIMENTAL 
A. Methods and Procedures 
1. Electron Spectroscopy for Chemical Analysis (ESC&--ESCA data 
were collected on a DuPont 650 photoelectron spectrometer with a magnesium 
anode (Ku = 1253.6 eV) and direct display of the spectra on an x-y 
recorder. The carbon 1s level (taken as 284.0 eV) was used to evaluate the 
work function of the spectrometer. Circular (6.4 mm or 32 mm ) samples 
1 9 2  
2 
were mounted on the copper sample probes using double sided adhesive tape. 
2. Scanning Electron Microscopy/Energy Dispersive halysis of X-rays 
(SEM/EDAXl--SEM photomicrographs at various magnifications werc; obtained 
on an AMR scanning electron microscope (Advanced Metals Research Corpora- 
tion Model 900). Approximate vertical dimensions of each photomicrograph 
appear at the right in the figures, and the corresponding magnification 
is listed i? each caption. Most SEM samples were run after ESCA analysis. 
A thin (% 20 nm) film of Au-Pd Alloy was vacuum-evaporated onto the samples 
to enhance conductivity of insulating samples. A ranid semi-quantitative 
elemental anzSysis was obtained on selected samples with an EDAX 
International Model 707A energy-dispersive X-ray fluorescence analyzer 
attached to the. AW-900 SEM. A photographic record of each EDAX spectrum 
was made using a camera specially adapted for the EDAX oscilloscope. 
3. Auger Electron Spectroscopy (AES) with Ion-sputtering Depth Profiling-- 
A PHI combined ESCAIAuger spectrometer (Physical Electronics Industries Yodel 
550)  with a double pass cylindrical mirror analyzer (W) described by 
Palmberg was used (1). 
eiectron gun and simultaneous ion beam etching using 2 keV Ar 
differentially pumped PHI gun. 
Auger depth profiles were obtained with a coaxial 
+ itms from a 
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B. Materials 
1. Graphite fibers--Four sets  of graphi te  f i b e r s  (HMS, HTS-2, Celion 
6000, and Thornel 300) were obtained from NASA-LaRC. Three sets of 
graphi te  f i b e r s  coded NASA 1 (only a s i n g l e  f i b e r ) ,  NASA 2 and NASA 3 
were e lsc t rocoa ted  by B. Y .  Subrammian, Washington State Universi ty .  T'? 
coa t ing  parameters were no t  spec i f i ed .  A l l  t he  s t r u c t u r e s  of t h e  graphi te  
f i b e r s  are described i n  Table 111. The graphi te  f i b e r s  charge ex tens ive ly  
i n  t h e  ESCA spectrometer. I n  order  t o  prevent electrical s h o r t s  i n  t h e  
analyzer s ec t ion ,  a custom sample probs was used. Here, a set of graphi te  
f i b e r s  w a s  mounted on tape and then mechanically fas tened t o  t h e  probe a t  
both ends with gold s t a p l e s .  
2. Metallized Kapton and Kapton film.--A s h e e t  of metal l ized Kapton 
203x127 m was suppl isd by A. K. S t C l a i r  a t  NASA-LaRC. A 100 nm aluminum 
f i l m  had been deposited on one s i d e  and a 15 nm chromium f i l m  deposited on 
the  opposi te  s i d e .  
e thanol  and was coated with a 15% diglyme s o l u t i o n  of LaRC-3 under B s t a g e  a t  
443K.  
Kapton under contact  pressure f o r  20 sec a t  616K. The two r'ilm.. were then 
peeled a p a r t  and the  mating sur faces  analyzed. 
A p iece  of 3 m i l  Kapton 39.1 x 25.4 m was wiped with 
The adhesive area was about 9 x 25 mm on bonding t o  another p iece  of 
3. LaKC Nodel Compounds. X number of new f luo -o  monomers were suppl ied by 
P. M. Hergenrother ( 2 )  a t  t h e  NASA-LaRC. The monomers were run 3s powders. 
4.  Anodized. and phosphatelf luori.de t r e a t e d  T i  6-4.--Samples of both 
ar-odized and phosphate/fluoride t r e a t e d  T i  6-4 which ana lys i s  had been 
re?orted previously ( 3 ) ,  were a n a l p e d  by Auger e l e c t r o n  spectroscopy and 
also de2th prof i led  w i t h  argon s p u t t e r i n g .  
5. Fractured l a p  shear  And T-peel  specimens.--Two f rac tured  T - p e e l  
specimen were supplied by personr,el a t  NASA-LaRC. The adhesive i n  one 
TABLE I11 
Graphite Fibers 
HM!j 
DESCRIPTION OF GRAPHITE FIBERS 
HTS-2 
Celion 6000 
Thornel 300 
NASA- 1 
NASA- 2 
NASA- 3 
Structure 
Batch No. d - 2  
No surface finish 
Batch No. 94-3 
No surface finish 
L o t  bHTA-7-7711 
1.2% po1yimj.de finish 
Grade WYP 30% 
Epoxy finish, UC 309 
Unspecified fiber coarcd 
with s tyrenelmaleic anhydride 
CG-3 fiber coated with 
styrene/maleic anhydride 
KTS fiber coated w t t h  
nadic anhydride 
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specimen was LaRC-13 with no elastomer. LaRC-13 adhesive containing 
1SX of a florosiloxane elastomer was used in the second specimen. 
third w a s  a lap shear speciclen coded 1499 P-1 which had a low strength. 
The 
No 
other details were available. 
6. Primed Ti 6-4 specimens-A sample coded 1813-11-5 was reportedly 
given a phospbte/fluoride treatment and then primed with MEPPQ. 
Donald J. Progar supplied eight Ti 6-4 coupons which had been pretreated 
Mr. 
In the following ways: 
( 5 )  phosphate/fluoride etch; 
(ii) heated to 483K for 45 d n  after (i); 
(iii) primed with BR-34 (Batch B-169) and heated to 483K for 45 min 
after (i); and, 
Civ) primed with MEPPQ (m-cresollxylene solvent system) and heated to 
343K for 30 min after (i). 
The primer was dissolved partially in chloroform. 
A final Ti 6-4 specimen primed with XPPQ was supplied by the Boeing Aerospace 
co . 
- a -  
111. RESULTS AND DISCUSSION 
A. Graphite F ibers  (SEM and ESCA) 
SEX photomicrographs of seven g r a p h i t e  f i b e r s  are shown i n  Figures 1-7. 
The HMS f i b e r  (Fig. 1) is charac te r ized  by s u r f a c e  s t r i a t i o n s  whereas t h e  
HTS-2 f i b e r  (Fig. 2) appears smooth. The o t h e r  f i b e r s  were coated as noted 
i n  Table III. The epoxy coated Thornel f i b e r  (Fig. 3) c l e a r l y  shows 
s t r i a t i o n s .  Although t h e  Celion 60Cb f i b e r s  are coated (Fig. 41, s u r f a c e  
s t r ia t ions  are apparent both before  and af ter  so lvent  washing. 
s t r i a t i o n s  may be somewhat more marked a f t e r  washing. The SEM of t h e  styrene- 
maleic anhydride g r a p h i t e  f i b e r  (Fig. 5)  bas a patchy ~ - 2 e a r a n c e  no t  not iced 
for t h e  o t h e r  f i b e r s .  Again, striatims are apparent i n  t h e  CG-3 f i b e r s  
(Fig. 6) before and af ter  so lvent  r i n s e .  Coated ZIT-S f i b e r s  i n  Fig. 7 are 
q u i t e  d i f f e r e n t  t o  t h e  uncoated f i b e r s  shown i n  Fig. 2. 
The 
I n  summary, t h e  SEM photomicrographs do not  show marked changes i n  s u r f a c e  
morphology between uncoated, coated and so lvent  r insed  g r a p h i t e  f i b e r s .  
The ESCA r e s u l t s  for t h e  graphice f i b e r s  are l i s t e d  i n  Table I V .  The 
binding energies  (3E), atomic percents  (AP), carbon-oxygen (C/O) and carbon- 
ni t rogen (C/N) i n t e n s i t y  r a t i o s  are tabulated.  Tb.2 oxygen and n i t rogen  
i n t e n s i t i e s  were cor rec ted  by t h e  appropr ia te  p h o t o e l e c t r i c  cross-sect ion (4). 
The HTS-2 f i b e r  is charac te r ized  by t h e  l a r g e s t  C/O and C / N  r a t i o s  i n d i c a t i v e  
of m i n i m i  amounts of s u r f a c e  oxygen and n i t rogen  compared t o  the  two o t h e r  
uncoated f i b e r s  (HMS and Thornel 309). The C / O  and C/X r a t i o s  f o r  Thornel 
300 f i b e r s  decrease sharply a f t e r  coat ing with epoxy which is cons is ten t  with 
the increased oxygen and n i t rogen  content of epoxy. 
There is no apparent removal of t h e  coat ings on solvent  r i n s e  as gauged 
by the  constancy i n  both the  C/O and C/N r a t i o s  of t he  unrinsed and r insed  
f i b e r s .  
The C Is photopeak i n  the coated f i b e r s  and Thornel 300 shows a small 
shoulder on the  high binding s ide .  This result  is cons is ten t  with t he  
higher oxygen content of these fibers. 
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Figure 1. 
SEM photomicrographs (2,0OOx, 10,000~) of 
HMS graphite fiber (Batch #32-2). 
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Figure 3. 
S a  photomicrographs (ZOOx, 10,000~) of 
Thornel 300 graphite fiber (Grade WYP 30%). 
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Figure 4. 
SEN photomicrographs !2,OOOx, 10,000~) of Celion 6000 
graphite  f i b e r  (Lot 8HTA-7-7711). 
V 
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Figure 5 .  
SEM photomicrographs (2,OOOx, 10,000~) of 
NASA-1 graphite f ibe r .  
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FIGURE 6.  
SEM photomicrographs (2,OOOx, 5,000~) of 
NASA-2 graphite fiber. 
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SEM photomicrographs (2,OOOx, 10,OOOx) of 
,MSA-3 graphite fiber. 
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Fiber 
1. BMS 
2. ETS-2 
3. Thornel 300 
4. Thornel 300 
uc 300) 
(1.2% P I )  
(epoxy f i n i s h  
5. Celion 6000 
6. Celion 6000 
(MEK rinse) 
7. NASA-2 
8. NALA- 2 
(toluene r inse)  
9. NASA-3 
10. NASA-3 
(toluene r inse)  
TABLE I V  
ESCA ANALYSIS OF GRAPHITE FIBERS. 
clS 
BE(ev) Ap - 
(284.0) 88.6 
(284.0) 92.9 
(284.0) 85.0 
(284.0) 72.4 
(284.0) 85.3 
(284.0) 85.3 
(284.0) 83.0 
(234.0) . 84.2 
(284.0) 81.0 
(284.0) 82.0 
O l s  *lS C C - ‘N - BE(ev) - BE(ev) g - 
532.4 9.7 399.5 1.7 9. 52. 
532.2 6.7 399.4 0.4 14.* 232.k 
532.3 13.4 399.8 1.6 6. 53. 
551.9 23.1 399.0 4.5 3. 16. 
531.4 11.8 398.4 2.9 7. 29. 
531.8 13.0 399.0 1.7 7. 50. 
531.6 16.0 398.6 1.0 5. 83. 
532.0 14.5 395.4 1.3 6. 65. 
531.8 17.6 399.1 1 .4  5. 58. 
531.6 16.4 398.6 1.6 5. 51. 
- 
Average 651 51+i3 
* 
values not included i n  average 
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B. Kapton Fi1z 
I. Metallized Kapton (ESCA and AES/Depth P r o f i l i n g )  
The ESCA s p e c t r a  f o r  meta l l ized  Kapton is shown i n  Figure 8. 
A is t h e  C r  2p photopeak (B.E. 581.4 eV) on oppos i te  s i d e s  of t he  f i l m .  
Spectra  B is the  Al 2p photopeak on opposi te  s i d e s  of t he  films. 
Spectra  
3/2 
There is no 
Al noted on t h e  Cr s i d e  nor any C r  noted on t h c  Al. s ide .  
doublet  is noted i n  t h e  A1 photopeak wkich may be  explained as follows. 
higher binding energy peak a t  118.4 e V  is due t o  Al(II1) in t h e  aluminum 
S i g n i f i c a n t l y ,  a 
The 
oxide su r face  layer .  
t he  t h i n  su r face  oxide l a y e r  (I, 20 nm) and give rise t o  the  smaller binding 
energy peak a t  115.8 eV. 
Photoelectrons from elemental  aluminum [ A l ( O ) ]  pene t r a t e  
The d i f f e rence  of 2.6 e V  between t h e  two peaks is 
cons i s t en t  with reported values  ( 5 ) .  
The meta l l ized  Kapton f i l m  w a s  a l s o  subjec ted  t o  Auger e l e c t r o n  
L 
spectroscopy (AES) with depth p ro f i l i ng .  The Auger s p e c t r a  from the  aluminum 
and chromium s i d e s  are shown i n  Figure 9 and 10, r e spec t ive ly .  Carbon and 
oxygen are also noted i n  both Auger spectra. The depth p r o f i l e  r e s u l t s  €or  
the aluminum s i d e  are shown i n  Figure 11. The s p u t t e r  rate i n  t h i s  case was 
about 200 nm/min. The atomic concentrat ions ( i n  percent)  of carbon, 
aluminum and oxygen before  sput '  i ng  were 17, 41 ,  43, respec t ive ly .  The 
carbon s i g n a l  drops t o  near ly  zero wrlrhin the  aluminum oxide su r face  l aye r  
while t he  alunimum and oxygen s i g n a l s  increase  t o  a maximum. Thereaf te r ,  
the  aluminum and oxygen s i g n a l s  decrease ind ica t ing  t h a t  the  aluminum 
coat ing has been penetrated.  There is  a concomittant increase  in the  carbon 
s i g n a l  as t he  Kapton s u b s t r a t e  is  reached. 
It is noteworthy t h a t  the O / A l  r a t i o  w a s  1 .0  a t  the  sur face  but 
through the  aluminum coat ing  remained f a i r l y  cons tan t  a t  a value of 0.67. 
The f a c t  t h a t  Al(0) w a s  observed i n  the ESCA spectra would suggest an even 
lower value of the  O / A l  r a t i o .  The estimated thickness  of  t h e  aluminum 
A.  Cr Side  I 
I -- 
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B. A1 s i d e  
Figure 8. ESCA spe tra of metallized Kapton film. A .  Cr s i d e  B. r ? l  s i d e .  i 
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coa t ing  is about 40 nm based on a P u t t e r i n g  t i m e  o f  2 minutes. 
S imi la r  depth p r o f i l e  r e s u l t s  f o r  the  chromium s j d e  are shown i c  
Figure 12. I n  con t r a s t  t o  t h e  aluminam coat ing,  the  O / C r  r a t i o  of the  
outer  chromium coat ing  w a s  > 1 whereas the  r a t i o  was < 1 f o r  the  inner  
chromium coat ing.  The est imated thickness  of t he  chromium coat ing  is 
about 14 mu based on a s p u t t e r i n g  time of 7 minutes. 
2.  Fractography of bonded Kapton f i lm  (SEX) 
SEN photomicrographs D f  f r a c t u r e  su r faces  of fhpton f i l m  bonded with 
LaRC-3 adhesive a r e  shown i n  Figure 13. 
with voids  (1 pm < d  < 10 vm) suggest ing vapor release on curing.  
The f r a c t u r e  su r faces  are r idd led  
C. LaRC Model Compounds ( E S C h )  
To demonstrate the v e r s a t i l i t y  of ESCA and t o  gain a d d i t i o n a l  experience,  
model compounds of known composition were an;’-yzed. Thsse f ind ings  are yeported 
i n  the  following discussion.  
Narrow scan ESCA spectra were obtained for s i x  f luo r ina t ed  he te rocyc l i c  
mgdel compounds an3 are shown i n  Figgres 14-19 along with the  s t ruc tuxes .  
Parameters obtained from the  ESCA spec t r a  and cons t i t uen t  raLios are l i s t e d  i n  
Tables V and V I ,  r espec t ive ly .  The higher  B.E. peak a t  290.2, 2 0 .3  eV i n  the  
C 1s spec t r a  is due t o  carbon bonded tr, f luor ine .  Average binding energ ies  sf 
400.15 0.1 eV and 398.6 2 0.3 eV i n  the N 1s spectra dre assigned t o  two 
d i f f e r e n t  bonding states of ni t rqgen.  The atomic r a t i o s  calcuI-ated from the  
ESCA spec t r a  [ ( F / C I E ,  (N/C)E] are i n  reasonable agreement with the  value ca lcu la ted  
from the  r a t i o  of elements i n  the empirical  formula [ (F /CIS,  ( N / C )  
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?IGliRE 13. 
SEM photomicrographs (loox, 5OOx) of boride$ 
Kapton fracture surfaces. 
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Table VI 
LaRC d 
PH-57-1 
PH-82-2 
PH-8 2- 3 
PH- 8 4- 1 
PI+84-2 
PH-85-1 
CONSTITUENT RATIOS FOR LaRC MODEL COMPOUNDS 
0.77 0.79 0.19 0.21 
0.90 0.79 0.23 0.21 
0.34 0.25 0.20 0.25 
0.29 0.25 0.12 0.12 
0.41 0.10 0.12 
0.41 0.13 0.12 
Oo40 e 
0.56  
- 4 1  - 
D. Contamination of Ti 6-4 (AES/Depth Profiling) 
Auger electron spectroscopy ( U S )  with argon sputtering depth 
profiling was used to analyze anodized Ti 6-4 and Ti 6-4 after phosphate- 
fluoride treatment. 
1. Anodized Ti 6-4 
The AES spectra of anodized Ti 6-4 at the beginning and at the end 
of depth profiling is shown in Figures 20 and 21, respectively. Trace 
amounts of sulfur, calcidnd fluorine are ncrted in the sample initially 
which are removed on argon sputtering. 
appear after sputtering. 
is shown in Figure 2 2 .  
Peaks due to vanadium and argon 
The composition-depth profile for anodized Ti 6-4 
It is noted that the Ti signal increases to a 
maximur. in about 6 minutes corresponding to a surface oxide layer thickness 
of about 6 0  nm. 
this thickness. 
There is concomitant decrease in the oxygea signal over 
Only minor changes are noted in the aluminum a i d  vanadium 
signals. 
in the bulk Ti 6 - 4 .  
Calcium appears to be a surface contaminant and not identified 
2 .  Phosphatelfluoride Ti 6-4 
The AES spectra of Ti 6-4 after phosphatelfluoride trc. i .,d at 
the beginning and at the end of depth proiiling are shown in Figure 23 and 
2 4 ,  respectively. Trace amounts of sulfur, fluorine and sodium are n-d 
in the sample initially which are removed by argon sputtering. Peaks due to 
vanadium and argon appear after sputtering. 
for phosphate/fluoride treated Ti 6-4 are shown in Figure 25. 
The composition-depth profiles 
The signifi- 
cant Hfference here is that the surface oxide layer is only about 20 rn 
thick. Thi j ,  the surface oxide layer on anodized Ti 6-4 is about three 
times thicker than on phosphatelfluoride treated Ti 6-4. The fluorine 
content is associated with the surface and not the bulk Ti 6 - 4 .  
f 
- 42 - 
- 43 - 
t- 
i )  
w 
LL 
I I 
BP/NP 
. 
h 
Q) 
d 
rl 
yc 
0 
b e 
w 
0 
a c a 
W 
w 
0 
3 
- 44 - 
4 
\ e 
n 
8 
.. 
u 
.J ..? 
N x 
- 45 - 
't 
1 I I I 1 
- 46 
I 1 
PPINP 
- 49 - 
E 
8 
d 
.. 
b: 
a: 
1- 
1- 
3 n. 
l? 
u1 
2 
It is of interest to compare t h e  ESCA and AES spectra of T I  6-4 
since the ESCA r e s u l t s  are avai lab le  (3). A q u a l i t a t i v e  comparison is 
glven in Table  VII. 
i t s  unique contribution and taken co l l ec t ive ly  def ine  well the  surface of 
T i  6-4. 
Each technique ESCA, AES, and AES/Depth P ro f i l i ng  has 
E. Fracture Surface Analysis (Sa and BSCA) 
1. Laac-l3/lUo Blastomer.-SEM photamicrographs of opposing sides of 
a bonded adhesive j o i n t  after f r a c t u r e  in a T-peel test are shown in Figure 
26. The T i  6-4 subs t r a t e  is c l e a r l y  v i s i b l e  on s i d e  B as contrasted t o  31de 
A where only adhesive and scrim c lo th  are noted. 
s i d e s  are l i s t e d  in Table VIII. 
The ESCA results f o r  both 
Again, only T i  (IV) is noted on the  B s i d e  
ind ica t ive  of f r ac tu re  c lose  t o  ( < 5 nm) the adhesive/adherend in t e r f ace  
but not within the  surface oxide layer. Othervise, e i t h e r  a s ign i f i can t  peak 
due t o  Ti (0)  would have been observed a t  449.6 eV (3) on t h e  B side and/or 
a s i g n i f i c a n t  peak due t o  Ti(IV) would have been observed on the A side.  
2. LaRC-l3/elastomer .-Sa photomicrographs of opposing s ides  of a 
bonded adhesive j o i n t  a f t e r  f r ac tu re  i n  a T-peel test are shown i n  Figure 27. 
The LaRC-13 adhesive i n  t h i s  case contained 15% of a fluorosiloxane elastomer. 
The fractography is t o t a l l y  d i f f e ren t  than that noted when no elastomer was 
present (Pig. 26) .  No T i  6-4 subs t r a t e  is observed on e i t h e r  s ide.  The 
ESCA r e s u l t s  l i s t e d  in Table VI11 support the conclusion t h a t  f r ac tu re  
occurred within t h e  adhesive s ince  no Ti signal w a s  observed. In addition, 
s i w i f i c a n t  increases in t h e  surface concentrations of f luorine and s i l i c o n  
are expected on using a fluorosiioxane polymer. 
3. Sample 11499 P-1.-The Ti 6-4 adherend in t h i s  case w a s  presumably 
The strength of g r i t  blasted followed by a phosphate/fluoride pretreatment. 
t h e  l a p  shear specimen w a s  minimal. The SEM photomicrographs of two area8 of 
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Figure 26. 
SEM photomicrographs of fracture 
surfaces of Ti 6-4 bonded with 
LaRC-13 adhesive containing no 
elastomer. 
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Figure 27. 
SEM photomicrographs of fracture 
surfaces of Ti 6-4 bonded with 
LaRC-i3 containing 15% 3f a 
fluorosiloxane elastomer. 
W 
0 
h 
N 

- 55 - 
the f r ac tu re  surface are sh0Ml i n  Figure 28. 
metal area and area B was from an "adhesive" area. 
micrographs that the T I  6-4 was only gri t -blasted but given no phosphate/ 
f luor ide  treatmnt. 
e t - b l a s t e d  am' pbsphate / f luor ide  pretreated samples seen in Figures 2 and 
5, respectively,  in a previous report (3). 
blast ing and a phosphate/fluoride e tch  is also seen in Ffgure 32B of the  
present report. 
Area A was from a "bare" 
It appears from the  photo- 
This conclusion is based on a comparison with typical 
A typical T i  6-4 surface after grit 
The ESCA r e s u l t s  f o r  these two aaaPples are list& in Table VIII. A 
T i  sfgnal was noted f m  area A but xot fmm area 8. The sample containing 
area P was cleaned subsequently in an argon discharge (6) 
resu l t ing  in a lower carbon s igna l  and a concomitant larger titanium signal 
as noted in Table VIII. 
for 60 seconds 
F. Surface Analysis of Primed T i  6-4 (SWEDA2I o d  ESCA) 
1. MEPPQ prim,:.-Ti 6-4 specimens (8813-11-5) were primed with MEPPQ 
(m-cresol/xylene so l t en t  system). 
F-epare the SWESCA sample, there  w a s  a clean separation of the  primer 
from the  adherend. The ESCA r e s u l t s  f o r  the  top s ide  of the  pr imer  are 
shown in Table IX. No SEM photomicrographs were taken of the  primed 
surface. 
which or ig ina l ly  was against  the  metal. 
the adherend surface which again has only been grft-blasted.  
r e su l t s  are shown ;n Table IX for tf4.s ro-ction of primer fo, which no Ti 
signal wa observed. This r e su l t  i - r -  <.Aces t ha t  separation occurred at  the  
primer/oxide in te r face  ra ther  than within tSe oxid,- layer.  
When the  T i  6-4 coupon w a s  punched to 
The SEN photomicrographs in Figure 29 show the  primed surfaces 
The pimer appears t o  rep l ica te  
The ESCA 
The SEM photomicrographs i n  Figur- 30A show the adherend surface 
- 56 - 
Figure 28. 
SEM photamicrographs of 91499P-1 
fracture surfaces, 
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Figure 29. 
SIBf photomicrograph of the primer surface which 
was against the T I  6-4 In  the #813-11-5 sample. 
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Figure 30. 
SEE4 photomicrographs of TI 6-4 substrates 
of 8813-11-5. 
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which was originally against the primer. 
photomicrograph and the one for theeimer shown in Figure 29 at the same 
magnification (100 urn) is striking. 
EDAX spectrum of this sample suggesting the presence of residual grit blast 
particles. The ESCA results shown in Table IX for this surface show a large 
Ti signal (C/Ti = 3 .4 )  consistent with the interpretation of B clean failure 
between primer and metal. 
The similarZty between this 
An aluminum signal was noted in the 
The SFiM photomicrograph of the primed adherend after a chloroform 
rinse i s  shown in Figure 30 B. 
in this figure. 
(C/Ti - 20.2) Ti signal w8s noted, demonatra 
residual prSmer film. 
Any residual primer ceating is not apparent 
However, the ESCA results i n  Table IX, where only a weak 
he presence of a thin 
2. Phosphatelfluoride treatment with BR-34 primer.--In light of the 
uncertainty in the pretreatment of sample No. 1499 P-1 and 1813-11-5, 
coupons of Ti 6-4 were given a phosphate/fluoride treatment and the SEM 
photomicrograph is shown in Figure 31 A. 
T i  6-4 after an acid etch. 
Figure 5A of the previous report (3). The pretreated Ti 6-4 sample was 
heated i n  air at 483K for 45 min with no noticeable changes in the SEM 
photomicrograph (see Fig. 31 B). 
BR-34 and the resultant surface shown in the SEM photomicrograph i n  Figure 
31 C. 
of th i s  sample in Figure 31 D. 
This picture is characteristic of 
A comparison SEN photomicrograph was given in 
The Ti 6-4 was subsequently primed with 
The primer contains aluminum particles as sh- by the EDAX spectrum 
3. Phoephate/f luoride treatrent w i a  MEPPQ primer .--Ti 6-4 coupons 
pretreated with phosphatelfluoride wereprimed with MEPPQ and heated at 343K 
for 30 min. The SEM photomicrographs for this primd surface are shown in 
- 64 - 
Figure 31, 
SEM photmdcrographs of etched and primed 
(BR-34) Ti 16-4 specimens. 
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Figure 32A. The presence of t h e  primer c a w s  t h e  Ti 6-4 substrate to 
appear "out-of-focus" p a r t i c u l a r l y  not iceable  in t h e  high magnif i c a t f o n  
(10 m) pic ture .  The ESCA r e s u l t s  in Table IX show no Ti signal present  
f r m  t h i s  sample consistent wi th  t h e  presence of a t h i c k  ( > 5 tun) primer 
film. 
The p r h e d  coupon was rinsed with chloroform for 30 m i n  a t  ambient 
temperatures. The c l a r i t y  of t h e  SEM photomicrograph in Figure 32B bespeaks 
the r -va lof  much of the primer film by chloroform. 
signal is noted i n  t h e  ESCA r e s u l t s  (see Tab le  I20 cons i s t en t  with t h e  removal 
of all but a t h i n  ( < 5 um) l a y e r  of primer. 
A s i g a i f i c a u t  T i  
4. Phosphate/fluoride treatment with MEPPQ primer-Boeing.--This Ti 6-4 
coupon primed with m7PQ was pre t r ea t ed  with a phosphate/f luoride e t ch  by 
personnel at  t h e  Boeing Aerospace Co. The SEM photomicrograph cl t h e  sample 
shown in Figure 3 X  i nd ica t e s  the presence of a primer coating. 
the  striations in t h e  T i  6-4 s u b s t r a t e  u g g e s t  t h a t  t he  sample w a s  not g r i t -  
b-ted before  etching. 
to those i n  Figure 1 of t h e  previous repor t  (3) f o r  t he  'as received from 
the  supp l i e r '  state of T i  5-4 COU~OQS. 
:XASA-L&C - 3  g r i t - b l a s t  T i  6-4 coupons p r i o r  t o  chemical p r e t r e a a e n t .  
The ESCA r e s u l t s  i n  Table IX show again by the  absence of a T i  signal, :he 
presence of a t n i ck  coating. The primer was r insed -with chloroform f o r  30 
min kc  ambient temperature. The SEM photomicrograpt in Figure 33B suggests  
removal of t he  primer coating. However, only a minimal Ti s i g n a l  w a s  
obtained from the  ESCA measurements l i s t e d  ir Table IX suggesting gram 
residua, organic contamination. 
In add i t ion ,  
The f e a t u r e s  i n  Figure 33h are s t r i k i n g l y  similar 
It has been s tandard p r a c t i c e  a t  
- 67 - 
Figure 32. 
SEM photomicrographs of primed (MEPPQ) 
etnd rinsed T i  6-4. 
L - a  o d  
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I V .  coNcLus10Ivs 
The following conclusions are based on t h e  r e s u l t s  i n  t h i s  report 
10 t he  su r face  ana lys i s  of a v a r i e t y  of materials: 
1. There are no s i g n i f i c a n t  changes in t h e  morphology of coated, 
and r insed  graphi te  f i b e r s  as gauged from scanning electron photomicrographs 
compased t o  the uncoated f ibe r s .  
2. It is poss ib l e  to d i f f e r e n t i a t e  between various g raph i t e  f i b e r s  
and t o  d e t e c t  coat ings on f i b e r s  using t h e  ESCA technique. 
3. The chromium coat ing  on metal l ized Kapton is a t h i ck  ( e  5 nm) 
oxide l a y e r  whereas the  aluminum coat ing  is a t h i n  (< 5 nm) oxide l a y e r  over  
an elemental  s a b s t r a t e  as concluded from t h e  ESCA r e s u l t s .  
4. Depth p r o f i l i n g  done simultaneously with AES of t h e  meta l l ized  
Kapton ind ica t e s  t he  thickness  of t h e  aluminum and chromium laye r s  were 
40 and 14 nm respec t ive ly .  The oxugen content  of both metallic coat ings 
var ied s i g n i f i c a n t l y .  
5. A number of  voids  a r e  generated on bonding metal l ized Kapton 
and LaRC-3 adhesive. 
6 .  The ESCA spec t r a  of each fluor-containing - ? d e l  compound were 
unlque, e i t h e r  i n  binding energy of t h e  elements o r  i n  cons t i t u t ion .  
7. The oxide f i lm  on anodized T i  6-4 is about 60 nm t h i c k  whereas on 
phosphatelf luoride t r ea t ed  T i  6-4, t h e  oxide l a y e r  is only about 20 nm thick.  
These thicknesses were obtained from depth p r o f i l i n g  measurements using 
AES. Calcium and f luo r ine  were shown t o  be t r a c e  sur face  contaminants on 
anodized and phosphatelf luoride etched Ti 6-4, respec t ive ly .  The ESCA 
results on the same samplee are i n  q u a l i t a t i v e  ag reem5t  wi th  t h e  AES r e s u l t s .  
8. Lap shear  t e s t i n g  OT T I  6-4 bonded with LaRC-13 containing no 
elastomer r e s u l t i d  i n  i n t e r f a c i a l  f a i l u r e  as noted by SEM/ESCA techniques. 
- 72 - 
On the other hand, cohesive failure was noted for LaRC-13 containing 15%; of 
a fluorosiloxane elastomer. 
9. The Ti 6-4 adherend in lp14499 P-1, which had a minim,l lap shear 
strength, was presumably given a phosphate/f luorlde etch prior to bonding. 
Eowever, the SEM/EDAX results suggest that the sample was only grit-blasted. 
10. The primed (MEPPQ) in at-cresol/xylene) Ti 6-4 substrate I s  $813-11-5 
was also presumably given a phosphate/fluorlde etch. Again, the SEM/EDAX 
results suggest that the sample was only grit-blasted. The primer I s  not 
removed completely by chloroform rinsing at room temperature. 
11. Primed (BR-34) Ti 6-4 substrates show the presence of Al filler 
particles by SEM/EDAX. The Ti 6-4 substrate before priming had a surface 
morphology characteristic of an acid etch as seen I n  the SEM photomicrographs. 
12. Primed (MEPPQ) Ti 6-4 substrates after phosphate/fluoride treat- 
Only 
* 
merit give a characteristic(0f an acid etch)surface morphology by SEM. 
a thin residue film of primer is left on the Ti 6-4 surface after chloroform 
rinsing at room temperature as gauged by ESCA. 
13. Primed (MEPPQ) Ti 6-4 substrates supplied by Boeing show SEM 
evidence of phosphate/fluoride etch but no evldence of a prior grit-blasting 
step. The removal of the primer film by chloroform I s  not as effective in 
this case as gauged by ESCA. 
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ABSTRACT 
In a program to develop adhesive bonding for fabrication 
of aerospace structures with titanium 6-4 alloy, we have 
characterized the physical and chemical constituents of 
the surfaces wing SEM/EDAX and ESCA. The results elucl 
date the changes that occur from manufacture through 
surface treatment, bonding and strength-testing. 
Ti 6-4 sheet stock had wide variability on the opposite 
sides, but grit blast destroyed the initial structures, 
leaving the surface heavily worked and with significantly 
higher aluminum content. Chemical treatments removed the 
wc- -+d layer and resulted in a thin oxide layer with 
F' -.,tructures depending clpon the specific treatment. 
ictPr tea hours aging in air at 505 K (450°F), the oxide 
layer grew and tlicrostructural changes indicate trans- 
formations favoring the a-phase. 
show a qualitative correlation with adhesive bond 
durability. 
These observations 
INTRODUCTION 
Titanium 614 alloy, introduced in 1954, is a highly stabilized, 
alpha-beta phase alloy, using aluminurr as the alpha stabilizer aid 
vanadium as the bet stabilizer (1). These impart toughness and strength 
at temperatures up to 627 K (750'F). 
the alpha crystal structure (hexagonal close pack) at room temperature 
are gallium, germantun, carbon, oxygen, and nitrogen. The beta crystal 
structure (body centered cubic) is stabilized by molybdenum, vanadium, 
tantalum, and columbium. Superior in corrosion resistance to many 
metals, titanium and its alloys are protected by an inherent oxide film 
at low and moderate temperatures, but iire subject to oxidation above 
523 K (480'F) (2). 
Other alloying elements that favor 
One of the most important considerations for joining of titanium 
and its alloys by welding, adhesive bonding, or other techniques is the 
dif f lculty of removing contamination. A variety of specialized surface 
treatments have been developed over the past decade, and increasingly 
sophisticated measurements are being usee to characta-ize the surfaces 
Involved. 
An early report describes the difficulties in working with titanium 
comLared to copper, iron, and aluminum and other metals in comnon engi- 
nerrinq use (3). In a paper which r iewed the appltcation of many 
1 
techniques of surface analysis to adherends, the use of both alkaline 
and phosphatelfluoride surface treatments on titanium 6-4 alloy were 
characterized. Differenc s between treatments were seen by SEM and in 
surface elemental composition as determined by ESCA (4). 
was made that the change from anatase to rutile crystal structure made 
an 8 to 11 percent change in volume, and affected the long term stability 
of titanium joints.’ A number of other surface preparations for titanium 
have been described in the literature ( 5 ) .  including those designed to 
increase surface hardness by nitriding (6). 
The suggestion 
-Q a stud. 2 a proprietary structural adhesive (ET 424) with aluminum 
‘324-13 and titanium 6-4, ellipsometry and surface potential difference 
measrr-aents identified substrates which would result in poor adhesive 
bonding (7). The b e  of Auger spectroscopy with ion-sputtering depth- 
profiling, electron microsc-?y and diffraction and x-ray diffraction 
allowed the locus-of-failure in these systems to be determined. The 
fracture surface alternated between a surface oxide layer, an interface 
and primer layer, and into the bulk adhesive. Phosphate/fluoride and 
Turco surface treatments gave similar bond strength and failure loci. 
Only a nitric acid/fluoride treatment produced low bond strengths, and 
this treatment gave large copper concentrations in the oxide film. 
Another experimental approach to evaluate different surface treatments 
determined time-to-failure, or durability, at 333 K (140’F) and 95% relative 
humidity, at various loads (8). This work indicated the phosphate!fluoride 
treatment gave stress-durability almost an order of magnitude greater than 
alkaline-cleaned alloys. Outdoor exposure in both stressed and unstressed 
adhesive joints indicated a similar comparison between the two surface 
treatments. Non-destructive thermoholography was able t o  determine the 
rearrangement uf titanim dioxide under the bond from anatase to rutile 
crystal structure. Electron diffraction was used to determine the surface 
structures, which were stabilized with ions that promote the anatase form 
(9). To determine the statistical nature of failure under stress in 
different environments, Weibull distribution parameters were determined 
from the data (10). A predictive model for failure times of adhesive 
bonds at constant stress (11) was developed using multiple regression 
analysis. 
In a program to determine relative durabilities of adhesive bonded 
structures, nylon-supported FM400 (a modified epoxy adhesive) was used 
fn conjunction with a corrosion inhibiting primer (12). Six different 
treatments were applied to she titanium 6-4 alloy and exposure lifetimes 
determined at 1.03 X 10 Nm- at (1500 psi) stress, 334 K (160’F) and 100 
percent relative humidity. Locus-of-failure was determined visually and 
samples of lowest life time showed the greatest amount of interfacial 
failure. Longer-lasting surface treatments (lifetimes varied from 15 to 
over 1000 hours) produced evidence of more cohesive failure in the adhesive 
layer. The phosphat4fluoride surface treatment showed the lowest lifetime 
while several other acid treatments (pre-trwted with base) produced life- 
times averaging around 500 hours. 
7 
2 
The atomic d e t a i l s  of oxidat ion of titanium sur faces  have been 
described. 
e l e c t r o n  spectroscopy (AES) , and X-ray photoelectron spectroscopy (XPS) 
(o r  ESCA) were simultaneously used t o  s tudy t h e  oxida t ion  of t i t an ium 
in t h e  monolayer range (13). 
s i g n i f i c a n t  changes, f i r s t  in t h e  A B ,  then in t h8  S I X  signals, and 
f i n a l l y  t o  a chemical s h i f t  in XPS, 
titanium 6-4 a l l o y  and pure t i tanium were s tudied  wi th  x-ray and e l e c t r o n  
2 d i f f r a c t i o n ,  and no anatase form was found (14). The oxida t ion  of titanium by water vapor i n  t h e  923 to 1223 K range and from 27 t o  2400 Nm 
(0.5 to  18 torr) pressure  has r ecen t ly  been s tudied  (15). Only one oxide 
form (rutile) w a s  found and SEW examination of oxidized specimens revealed 
the presence of whiskers. The pure metal oxidized at a rate about double 
that of t h e  alloy. 
of f i lms  formed by anodization. 
e l e c t r o n  d i f f r a c t i o n  which cons is ted  of e i t h e r  amorphous or t h e  anatase 
c r y s t a l  form of T i 0  
r u t i l e  s t r u c t u r e ,  
formation from anatase to  r u t i l e  adversely a f f e c t s  t h e  bonding of p a i n t  
f i lms  (16). Low energy e l e c t r o n  d i f f r a c t i o n  ( B E D )  and AES were used 
to  s tudy t h e  reac t ion  of a c lean  T i  sur facg  wi th  oxygen at room temperature 
and dosages between 133 and 1.33 x lo4 Nm' rec (1 and about 100 Langmuirs). 
The r e s u l t s  i n d i c a t e  that t h e  f i n a l  f i l m  I s  probably no t  T i02  but r a t h e r  
T i 0  (17). 
oxida t ion  of titanium a l l o y  involved &ne  use of mass t r anspor t  d i f fus ion  
d a t a  i n  the  metallic and oxide phases. A mechanism w a s  determized involving 
t h e  growth of successive elemental  layers .  The rate determining s t e p  f o r  
oxidat ion was found t o  be t h e  d i f fus ion  of oxygen through a dense elemen- 
t a r y  l a y e r  (183. 
For e-le, secondary ion mass spectrometry (SIMS), Auger 
Successive s t ages  of ox ida t ion  l ed  to 
Also a number of treatments of 
Ellipsometry has been used to  determine t h e  th icknesses  
Crys t a l  s t r u c t u r e s  were determined by 
The amorphous phase gradual ly  rever ted  i n t o  t h e  & in ference  w a s  made that t h i s  slow, a l l o t r o p i c  trans- . 
A d i f f e r e n t  approach t o  t h e  s tudy of high temperature a i r  
In summary, t h e  l i t e r a t u r e  conta ins  usefu l  background information 
No 
concerning ana lys i s  of t i t an ium and i ts  alloys oxidized by oxygen and 
water, and T i  6-4 su r face  t reatments  and adhesive bond durab i l i t y .  
publ ica t ions  descr ibed the  parametera,'of T i  6-4 after commercial Anodize. 
Phosphate/FLwride, Pasa-Jell, o r  Turco t reatments ,  s p e c i f i c a l l y .  Herein 
w e  repor t  t he  morphological aspec ts  of a systematic  study of each s t e p  i n  
t h e  var ious preparat ions f o r  ti,anlum 6-4 surfaces .  As a f i r s t  s t a g e  in 
assess ing  t h e  r e l a t i v e  d u r a b i l i t y  af the d i f f e r e n t  su r f ace  treatments, 
changes occasioned by aging a t  505 K (450OF) were monitored. Resul t s  of 
t h e  ESCA s t u d i e s  of t h e  su r face  chemistry i n  these  specimens, as w e l l  as 
adhesive bond s t r eng th  experiments have been published elsewhere (19,ZO). 
EXPERIMENTAL 
Photomicrographs were obtained using a Polaroid camera back at tached 
t o  t h e  osc i l loscope  on the  Advanced Metals Research Corporation Nodel 900 
scanning e lec t ron  microscope. Operating a t  20 kV, high magnification 
views (5OOX-10,OOOX) gave information on the  d e t a i l s  of su r f ace  f ea tu res ,  
while survey scans a t  ZOX-2OOX provided a check on t h e  d i s t r i b u t i o n  of 
representa t ive  f ea tu res  t h a t  descr ibe  the  surface.  
cut  t o  aDproximataly 1 x 1 cm with a high pressure c u t t i n g  bar 
and fastened t o  SEM mounting s t u b s  with conductive, adhesive-coated, 
Most specime::s were 
copper tape. 
(c 20 rrm) f i lm of Au-Pd a l loy  was vacuum-evaporated onto the samples. 
Photomicrographs were taken with the  sample inclined 70' from the incident  
e lec t ron  beam. Rapid, semiquantitatAve elemental analyses were obtained 
with an EDAX International Model 707A energy-dispersiwe X-ray flaurescence 
analyzer attached t o  the AMR-900 SEM. A Polaroid photographic record of 
each spectrumwas made wing a camera spec ia l ly  adepted f o r  the EDAX 
oscilloscope output. 
To enhance conductivity of insu la t ing  samples, a th in  
Lap shear coupons of Ti 6-4 were provided by D. Progar, NASA Langley 
Research Center, both before and a f t e r  g r i t  blasting. 
performed by the being Company using a proprietary process. 
followed f o r  the three chemical treatments are l i s t e d  in Tables 1-111. 
Also samples of eap of the four treatments were exposed for 10 and 100 
hours a t  505K (450.F) in an air oven. 
Anodizing was 
Procedures 
TABLE I 
PEOSPEATE/FL~JORIDE TREATMENT 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9 .  
Solvent wipe - methylethyl ketonc. 
Alkaline clean - immerse in SPREX AN-9, 30.1 g/E, 353 K (8OoC) 
f o r  15 min.  
Rinse - deionized water a t  room temperature. 
Pickle  - irnnerse f o r  2 min. a t  room temperature in so lu t ion  
containing 350 g / a  of 70% nitric acid and 31 g/E 48% 
EF. 
Rinse - deionized water a t  rom temperature. 
Phosphate/fluoride treatment - Soak for 2 min. at room temper- 
Rinse - deionized water a t  
Hot water soak - deionized 
a tu re  i n  so lu t ion  containing 
50.3 g/ll of tri sodium phosphate 
(Na3PO4); 20.5 g/ll czf potassium 
f luor ide  (KF); and 29.1 g/& of 
. 48% hydrofluoric acid (a .
room temperature. 
water a t  338 K (65OC) f o r  15 min. 
Final rinse - deionized water at room temperature. 
Dry - air a t  room temperature. 
TABLE I1 
PASA-JEU 107 TREATMENT 
Solvent wipe - methylethyl ketone. 
Alkaline clean - immerse in SPREX AN-9, 30.1 g/$, 353 K (SOOC) 
f o r  15 min. 
Rinse - deionized water a t  room temperature. 
Pickle  - immerse f o r  5 min. a t  room temperature i n  so lu t ion  
containing 15g n i t r i c  acid (HNO ) 15% by weight; 3g 
hydrofluoric (HF) acid 3% by weqght; and 82s deionized 
water. 
Rinse - deionized water a t  room temperature. 
Pasa-Jell 107 Paste- Apply to the titanium surface w i t h  an acid 
r e s i s t a n t  brush covering the e n t i r e  surface 
by cross  brushing. 
Dry - fo r  20 min. 
Rinse - deionized water a t  room temperature. 
Dry - air a t  room temperature. 
TAELE I11 
TURCO 5578 TREATMENT 
Solvent wipe - methylethyl ketone. 
Alkaline clean - fnrserse in Turco 5578, 37.6 g/ t ,  383-353 K 
Binse - deionized water at roam temperature. 
Etch - inrmnrge in TIUCO-5578, 419 s/a ,  353-373 K (8O-lOO0C) 
Hime - deionized water a t  room temperature. 
Rime - deioaized water a t  333-343 K f o r  2 min. 
Dry - air  a t  room temperature. 
(70-8OoC) for 5 min. 
for  10 min.  
1. 
2. 
3. 
4. 
5. 
6. 
7. 
RESULTS AND DISCUSSION 
Sequentially described is the  surface character izat ion of T i  6-4 al loy,  
f rmmanufac ture  through g r i t  blast ing,  chemical surface treatment and 
thermo-oxidatiwe aging. The differences between s t eps  were most apparent in 
the physical s t ruc tu res  that composed the surfaces. 
remarkably constant except for the presence of minor cons t i tuents  apparently 
adsorbed from the  treatment so lu t ions  (19). 
As Received 
gr i t  b las t ing  are shown in Fig. 1. 
e n t i r e l y  d i f f e ren t  s t ructures .  Side A appears to  have random, short stria- 
tions that  may be derived from sur face  -mrking during manufacture or subse- 
quent burnishing or deburring. This s i d e  appeared r e l a t ive ly  shiny t o  the  
eye. Side B, on the  o ther  hand, shows no signs of mechanical working, but 
appears d u l l  t o  the  eye. 
removed e n t i r e l y  by chemical treatments, and g r i t  b las t ing  was a necessary, 
intermediate s t ep  to produce titanium 6-4 coupons with iden t i ca l  surface 
s t ruc tu res  on both sides.  Clearly, the  o r ig lna l  differences could cause 
va r i a t ions  i n  bond s t rength  values depending upon the s i d e  bonded. 
G r i t  Blast 
After g r i t  b las t ing  the surface appears heavily worked; Fig. 2 shows 
there  is no resemblance t o  e i t h e r  of the  o r ig ina l  s ides .  This surface is 
composed of deformed and fractured m e t a i  and oxide, covered with f r ac tu re  
debr i s  i n  the s ize  range 0.1 to  10 pm. 
s t r a t e  resemble g r i t  b l a s t  par t ic les .  However, the aluminum content of t h i s  
surface w a s  unusually high. 
a f t e r  g r i t  b las t ,  and subsequent phosphate/fluoride etch,  with results from 
a g r i t  b l a s t  par t ic le .  
about an order of magnitude grea te r  than titanium 6-4 al loy.  
aluminum w a s  uniformly d is t r ibu ted  over the surface; the f r ac tu re  debris  
pa r t i c l e s  showed the  same EDAX spectrum as t h e  substrate .  
Chemical Treatment and Them-oxidatfve Aging 
1. Anodize. Scanning electron micrographs of the anodized specimen before 
and a f t e r  them-oxida t ive  aging f o r  ten hours a t  505 K (4S0°F) are shown 
i n  Fig. 4. There appears t o  be a very th in  layer  on the  top surface with 
minute cracks o r  f i s su res  of i r r egu la r  shape, densely populating the 
surface. These cracks have sharp edges a t  t h e  upper  surface and where they 
meet the underlaying substrate .  A t  highest magnification the whole surface 
Surface chemistry vas 
Scanning e lec t ron  micrographs of both s ides  of  t i tanium 6-4 a l loy  before 
The opposite s ides  are composed of 
The di f fe rence  i n  surface morphology was not 
None of the  particles on t h i s  sub- 
Fig. 3 compares the  EDAX r e s u l t s  from T i  6-4 
The aluminum content of the g r i t  blasted sample is 
Alsa, the 
5 
appears to  be sponge-like with f i n e  pores of  diameter < 0.1 m. 
aging, some connecting of the i r r e g u l a r  cracks in the  su r face  oxide l a y e r  
appears  to occur. 
l a y e r  joins t h e  underlying s u b s t r a t e  more &smoothly. 
011118 about  60 ms a f t e r  anodizat ion,  while  oely about  20 ma t h i ck  after t h e  
phosphate/f luoride treatment (21). 
2. PhosPhate/Fluoride. Scanning e l e c t r o n  micrographs of phosphate/f luoride-  
etched TI 6-4 before and after aging are shown in Fig. 5. 
t h e r e  appear f a i r l y  w e l l  defined a lpha  gray and beta white  phases. A t  
high megnification the  b e t a  phase c r y s t a l s  are poorly defined, but  t h e  alpha 
phase shows regularly-spaced edges approximately 100 nm apart. After aging, 
t h e  s u r f a c e  becomes covered w i t h  a dense packing of small nodules approxim- 
a t e l y  100 um in diatPeter. 
however, it appears that  t h e  alpha phase has grown at t h e  expense of t h e  be t a  
3. Pasa-Jell.  Fig. 6 shows scanning e l e c t r o n  micrographs of t h e  T i  6 4  
su r face  a f t e r  Pasa-Jel l  treatment and the-oxidative aging. 
phase is l a r g e r  than in the  previous case and more c l e a r l y  def ined in white,  
p l a t e - l i ke  c r y s t a l l i t e s .  On t h e  o t h e r  hand, t h e  gray, a lpha phase shows 
less d i s t i n c t  c r y s t a l l i n e  development. 
micrographs i n  t h e  form of ''popcorn" p a r t i c l e s  approximately SO mn i n  
diameter. These are shown t o  occur i n  s t e p  6,  Table 111, of t h e  Pasa-Jell 
process  as noted i n  comparing Figures 6 and 7. 
appears t o  have diminished dramatical ly .  Those few be ta  phase p a r t i c l e s  
t h s t  s t i l l  appear seem t o  have been absorbed i n t o  t h e  surrounding alpha- 
phase matrix. 
t i o n  of the  ac id - f e l l  i n  t he  Pasa-Jell  process. 
less developed alpha and be ta  phases and appears t o  cons i s t  more of amor- 
phorous oxide i n  g r e a t e r  thickness.  However, t he  "popcorn" p a r t i c l e s  do 
not  appear, and thus w e  conclude t h a t  they were a r t i f a c t s  c a r r i e d  on the  
su r face  by t he  s p e c i f i c  l o t  of t h e  Pasa-Jel l  paste. 
result in su r face  s t r u c t u r e s  that are similar. 
4. Turco. 
Scanning e l ec t ron  micrographs of t he  r e s u l t s  are shown i n  Pig. 8. 
su r face  is  e n t i r e l y  d i f f e r e n t  from any of t h e  previous su r face  t reatments  
morphologies. 
which leads  t o  the  impression that the su r face  is a pure oxide layer without 
separa te  alloy phases. 
i t i e s  on the  surface.  
i n  the  case of Turco su r face  treatments than i n  the previous cases.  It 
appears t h a t  the su r face  topography has col lapsed t o  some degree i n t o  
locally-ordered plane o r  p l a t e l i k e  s t r u c t u r e s  t h a t  now appear on the sur face .  
The rearrangements of su r face  morphology seemed t o  c r e a t e  f u r t h e r  f r a c t u r e  i n  
the  oxide layer ,  shown espec ia l ly  a t  high magnification. Also, a grainy 
texture appears after aging, whereas the  su r faces  were very smooth p r i o r  t o  
aging. 
After 
However, at high magnif icat ion i t  appears  t h a t  thls 
Simultaneous ion  sputtering/Auger a n a l y s i s  showed t h a t  t he  oxide l a y e r  
Before aging (A) 
Both alpha and be ta  phases are st i l l  d i s t ingu i shab le ;  
dur ing  O d d a t  : 011. 
The be ta  
An a r t i f a c t  appears i n  these  photo- 
Af te r  aging, the  beta,.phase 
Figure 7 shows the  titanium 6-4 a l l o y  a f t e r  a l l  bu t  the  f i n a l  applica- 
Clear ly ,  t he  su r face  shows 
Both phosphate/f luoride and Pasa-Jell t reatments  are a c i d i c ,  and they 
The Turco process  exposed T i  6-4 a l l o y  t o  bas i c  so lu t ions .  
This 
There is no clear d i s t i n c t i o n  between alpha and be ta  phases, 
The oxide l a y e r  is highly fragmented a t  the  asper- 
The results of thermo-oxidative aging a r e  more dramatic  
In summary, surface treatment and aging cause profound changes i n  
the  surface morphology of T i  6-4. 
r e l a t ive ly  constant, both i n  oxidation state and in stoichiometry. 
surface morphology can be ranked i n  the order Turco>Pasa-Jell>phosphate/ 
fluoride>aoodiee by considering the  relative heights-of-asperit ies (or degree 
of three-dimensional development), and also the  degree of change induced by 
aging. Thus, there appears an inverse cor re la t ion  between morphological 
development and repor t s  that  claim basic  treatments to be the  least durable. 
The surface chemical composition remained 
The 
SUMMARP AND CONCLUSIONS 
The resul ts  demonstrate the  u t i l i t y  of surface ana lys i s  i n  adhesive 
boading research and development. Surface pretreatments on T i  6-4 c lea r ly  
produce d i f f e ren t  microstructures and b r i e f  heating in a i r  induces fu r the r  
change. 
site of weakness, and serve as controls for diagnostic ana lys i s  of f r ac tu re  
surfaces i n  stren$th-tested joints. 
before grit blasting. 
result of process working or subsequent deburring. 
2. 
surface heavily worked and fragmented and covered with minute f r ac tu re  
debris. 
and no 81203 g r i t  b l a s t  p a r t i c l e s  appear. 
3. 
surface morphology, with only the two ac id  treatments bearing any resem- 
blance to each other. 
Turco>Pasa- Jell >phospha t e/ f luor  ide> 
anodize was made both by considering the  degree of roughness and the  
degree of change ia surface morphology after 505 I( (4500F) exposure i n  
air. 
s t ruc tu res  and t o  favor the  alpha phase a t  the expense of the beta  phase. 
Such basic data ident l fy  components of the  system t h a t  may be a 
Specif ical ly ,  we found: 
1. T i  6-4 has t o t a l l y  d i f f e ren t  morphology on opposite s ides  
One s i d e  has markings that appear to  be the 
G r i t  b las t ing  destroys the o r ig ina l  structures, leaving the 
Alum.€num content is s ign i f i can t ly  increased although uniformly 
Each of the  four  chemical surface treatments produced unique 
4 . A qua l i t a t ive  ranking : 
5. Oxidation generally seems t o  diaunish the s i ze  of surface 
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FIGURE CAPTIONS 
FIGURE 1. SEM photomicrographs (2000X) of both s i d e s  of a T i  6-4 
coupon "as received" before  g r i t  b l a s t ing ,  showing e n t i r e l y  d i f f e r e n t  
phys ica l  s t r u c t u r e s  thaL may produce d i f f e r e n t  r e s u l t s  i n  adhesion. 
FIGURE 2. SEM photomicrograph (2000X) of a g r i t  b l a s t ed  sample of T i  
6-4, which appears t o  be t h e  heavi ly  worked, fragmented remains of t he  
previous T i  6-4 s'ample. Frac ture  deb r i s ,  0.1 pm <de10 pm, a r e  densely 
sca t te red .  
FIGURE 3. EDAX Spectra  t n i c a l  of T i  6-4 Coupon. A. After chemical 
sur face  treatments; B. After g r i t  b l a s t ,  and C. G r i t  b l a s t  p a r t i c l e s .  
FIGURE 4.  SEM photomicrographs (10,OOOX) of Ti 6-4 sur face  a f t e r  
anodizing. A. Before and B. Af te r  exposure t o  a i r  a t  505 K (450'F) 
f o r  10 hours, showing a unique su r face  morphology t h a t  appears t o  change 
l i t t l e  after aging. 
FIGURE 5. SEM photomicrographs (10,OOOX) of Ti 6-4 su r face  a f t e r  Phocsphate/ 
Fluoride treatment.  A. Before aad B. After  exposure a t  505 K (450 F) f o r  
10 hrs .  in air ,  showing gray alpha phase and a discont inuous,  white be ta  
phase. 
FIGURE 6. SEbf photomicrographs (10,OOOX) of T i  6-4 sur face  a f t e r  Pgsa- 
Je l l  process.  A. Before and B. Af te r  aging i n  a i r  a t  505 K (450 F) f o r  
10 hours, showing t h e  white,  be t a  phase p a r t i c l e s  l a r g e r  than i n  the  previous 
sample. The small white "popcorn" p a r t i c l e s  appear t o  be a r t i f a c t s  of t he  
last s t e p  of process.  
FIGURE 7. SEM photomicrograph (10,OOOX) of T i  6-4 sur face  a f t e r  t h e  Pasa- 
Je l l  process except s t e p  6 .  
material ized h u t  t he  l l p ~ p ~ ~ r n l '  p a r t i c l e s  a r e  no longer present ,  i nd ica t ing  
they a r i s e  during s t e p  6 of t he  Pasa-Jel l  treatment.  
The c l e a r  a lpha/beta  phase s t r u c t u r e  ha8 not 
FICURE 8. SEM photomicrographs (10,OOOX) of T i  6-4 a f t g r  Turco process.  
A. Before and B. After  exposure t o  air  a t  505 K (450 F) f o r  10 hours, 
showing sur face  s t r u c t u r e s  a r e  very d i f f e r e n t  from t h e  preceeding two 
ac id  treatments.  









IDENTIFICATION OF COETANINANTS WITH ENERGETIC B U M  TECHMIQLXS 
* 
David W. Dwight and James P. Wightman' 
Virginia Polytechnic Institute and Stace University 
Blacksburg, Virginia 2406 1 
A revisw of techniques to obtain structure and 
bonding analysis in lnm-lpm phases with ion, photon, 
or electron beams emphasizes the advantages and limita- 
tions of TEM, SEM, ISS, SINS, ESCA, AES, and UPS. 
Highlights from recent applications in the fields of 
adhesion, corrosion, and wear demonstrate a broad 
range of new information on structure/property 
relationships in microphascs. Quantitative analysis 
of segregation from bulk substrates and of weak boundary 
layers indicates the control of adhesion at the 0.2- 
0.5m level. 
electrochemical mechanisms around microscopic 
heterogeneities at interfaces. Surface analysis in 
wear experiments shows nearly ubiquit.-us ztornic or 
molecular-level transfer upon touch, acd surface 
chemical changes inevitably accompany ci-anges in 
friction and wear behavior. 
' 
h general model of corrosion postulates 
N e w  results illustrate the importance of 
depth-profile studies. Angle-resolved ESCA study 
of ion-sputtered fluoropolymer demonstrate effects 
confined to the top few atom layers while ion sputter/ 
Auger profiles on titanium 6-4 show three-€old changes 
in oxide layer thickness within the top 1OOnm. 
* 
Department of Naterials Engineering 
'Department of Chemistry 
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1 
For over a century,  c o l l o i d  chemists have s tudied  the  s t ruc -  
t u r e  and p rope r t i e s  unique t o  materials of dimensions lnm-lum. 
E E ~ Z  ;etir beam techniques promoted major advances i n  t h e  f i e l d ,  
hi: : .orically i n  morphology f i r s t  with Transmission Electron 
Hic-oscopy (TEM) and Scanning Elec t ron  Microscopy (SEH). Chemical 
snalysis in these  instruments u sua l ly  analyzes  x-ray emission and 
i s  not  sensitive t o  th icknesses  <lOOZmt. The cu r ren t  decade has 
produced a burgeoning of e l ec t ron ,  photon, and ion bombardment 
methods (l), and now two su r face  sc ience  jou rna l s  are devoted t o  
eiu: i da t ion  of ''microscopic f o r c e  l a w s  that govern the  p r o p e r t i e s  
of t , i r f aces  and interfaces . . .and the  technological  implications. . ."  
Ion Sca t t e r ing  Spectroscopy and Secondary Mass Spectrometry 
(IS!! 6 SIMS) are the  most s e n s i t i v e ,  but i n t e r p r e t a t i o n  of t h e  d a t a  
can be d i f f i c u l t  because of complex s c a t t e r i n g  and ion iza t ion  
processes.  
f r a c 5 o n  of a monolayer and can be focused l a t e r a l l y  t o  i d e n t i f y  
f e a t u r e s  4.51rm i n  diameter. 
na t ion  with a C3T image al lows both phys ica l  and chemical hetero- 
p e n e i t i e s  of  t he  sample su r face  t o  be recorded. 
-omposition vb depth can be obtained b:. combining ion-beam mi l l i ng  
w i t h  simultaneous AES. Unfortunately,  i on  and e l ec t ron  beams are 
l i k e l y  t o  damage polymer su r faces  during the  measurement, so 
i i o t o e l e c t r o n  spectroscopy us ing  x-ray (XPF o r  ESCA), o r  u l t r a v i o l e t  
('TPS) r a d i a t i o n  is the  method of choice.  These methods g ive  
a...di:ional chemical bonding information, but cannot reso lve  la teral  
he te rogenei t iec  t a s i l y .  Syne rg i s t i c  combinations of soae of the  
methcd:; i n  one apparatus  o f f e r  p o s s i b i l i t i e s  exemplified by new 
da ta  OR angle-resolved photoemission from an ion-sputtered fluoro- 
pclylter and Auger depth p r o f i l e s  on t i t an ium 6-4 a l l o y  af ter  
t reatments  designed t o  improve adhesive bonding. 
Auger Electron Spectroscopy ( U S )  has s e n s i t i v i t y  of a 
Scanning t h e  e l e c t r o n  beam i n  coordi-  
P r o f i l e s  of 
'.:he following review descr ibes  the  p r i n c i p a l  advantages and 
1iinit.itL.ons of t he  mns t  u t i l i z e d  ene rge t i c  beam methods. Selected 
example: are ci:eti of app l i ca t ions  of modern methodology i n  
adhesioc,  c o r r o d m ,  and w e a r .  
Techniques 
Electron Microscopy. A s impl i f ied  schematic (Figure 1) 
i l ' .us t ra tes  t h e  two types of e l ec t ron  microscopes. Transmission 
s ince  t h e  1930'9 The use of TEM i n  contamination research u s u a l l y  
requi res  r ep l l ca t ion ;  an adhesive t a p e  o r  solvent-carr ied polymer 
placed on ?'.e sur face  of i n t e r e s t  produces a negat ive image of the  
sur face  s - t h  s p a c i a l  r e so lu t ion  of 6nn. Consecutive r e p l i c a t i o n  of 
the s a e  contaminated su r face  w i t h  solvent-softened c e l l u l o s e  
x t r c n  Microscopy has been the  mainstay of  micros t ruc ture  ana lys i s  
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Figure 1. 
of Scanning (SEN) and Transmission (TEM) Electron Yicroscopes. 
Simplif ied schematic diagram shDwing t h e  b a s i c  components 
acetate tape  f i r s t  removes p a r t i c l e s ,  then loose ly  held contaminants 
f o r  subsequent a n a l y s i s  i n  t h e  Scanning Elec t ron  Microscope (SEMI. 
Fina l ly ,  a r e p l i c a  of t h e  underlying s u b s t r a t e  can be made, 
"shadowed" wi th  vacuum evaporated metal and s tud ied  wi th  high 
resol;!tion (2 ) .  The 7EM has an  advantage i n  depth-of-field,  and 
r c l d t t v e l y  l a r g e  sec t ions  of material can be f i t  i n  the  a n a l y s i s  
chaaber. 
because SEM creates an  image from su r face  emission of secondary o r  
backscat tered e l ec t rons ;  thus samples do not need t o  be t ransparent  
t o  t h e  e l e c t r o n  beam as I s  t h e  case i n  TEN. 
P r a c t i c a l  samples can be analyzed without r e p d c a t i o n  
Electron Spectroscopy. I n  p r inc ip l e ,  measurement of t he  
e l e c t r o n  energy spectrum i d e n t i f i e s  e lemental  cons t i t uen t s  and 
bonding s t a t e s  i n  a ma?erlal. Figure 2 i l l u s t r a t e s  t he  e x c i t a t i o n /  
emission process  f o r  t h r e e  ccmmon spectroscopic  techniques.  I n  
FSCA, x-rays e x c i t e  co re  l e v e l  photoemission while i n  UPS u l t r a -  
v i o l e t  l i g h t  e x c i t e s  valence band e lec t rons .  Af te r  core  holes  are 
crea ted ,  r e l axa t ion  processes produce both f luorescent  x-rays and 
Auger e l ec t rons ;  p robab i l i t y  favors  Auger t r a n s i t i o n s  f o r  low 
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Figure 2. Simplified schematic diagram of the electronic energy 
levels in any material. 
beams (x-ray, electron? and ultraviolet) commonly used in three 
types of electron spectroscopy (ESCA, Auger, and UPS). 
Superimposed are illustrations of energetic 
atomic nuabers; only hydrogen cannot be detected. Details of 
bonding are seen in shifts in the position of photoelectron peaks, 
and semiquantitative conclusions can be derived from peak 
intensities. 
Electron excitation is used for Auger spectroscopy giving the 
advantage of a beam that can be focused to very small lateral 
dimensions to provide resolution of heterogeneities across the 
sample surface. ESCA and UPS are limited to area greater than 
=5mm2, but have the advantage of providing less radiation damage to 
substrates than Auger spectroscopy. During conventional Auger 
spectroscopy, decomposition of adsorbed species, reduction of 
surface oxides, diffusion to or from the irradiated area, and 
electron induced desorption are possible -omplications (3). These 
effects are caused by the high electron flux or impurities tn the 
apparatus. 
Illustrating the importance of multiple techniques, small 
amounts of oxygen, fluorine, and chlorine have been found on the 
sample after collection of a typical Auger spectrum ( 4 ) .  These 
contaminants were n o t  found in the AES or the ESCA spectra, but 
with the sensitivity of static SIMS. The build-up of these 
contaminants was proportional to the decrease in t h e  substrates 
signal obtained from 0-100 eV by pulse counting of secondary 
electrons with ~ a W  total electron dose density. 
4 
C 
Figure 3. Idealized cross-sections of three major types of samples 
requiring analysis in contamination research. A. Laterally homo- 
geneous but vertically inhomogeneous, B. Laterally inhomogeneous 
but vertically homogeneous, C. Inhomogeneous in both dimensions. 
In contamination research it is important to determine the 
variation in composition and wrphology with depth. 
simplified cross-sections Illustrating the classes of samples 
encountered. With ESCA one can determine trends with depth (up to 
at most 10 or 20 atom layers) by changing the photoelectron take-off 
angle relative to the analyzer, diagrammed on the left in Figure 4 .  
Unfortunately, precise distinctions may be difficult. For example, 
angle-resolved photoemission studies of a class A sample (carbon 
contaminating film on gold) determined the ratio of the average 
contamination layer thickness to the mean free path of photo- 
electrons, but found that the variable take-off geometry had an 
error limit of at least? 50% (5). 
conduct deeper profile studies, although specimers may be distorted 
from the true structure (6). In addition to using ion beams to 
remove atom layers, the sputtered products can be analyzed by mass 
spectrometer (SIMS). Details of the ion beam methods are covered 
in other papers in this Symposium, but it should be noted that ion 
scattering spectroscopy has sensitivity to a small fraction of the 
first atom layer and can distinguish between isotopes (7). 
Figure 3 shows 
Ion bombardment can be used to 
Other Surface-Sensitive Techniques. Classical methods to 
characterize surfaces, such as gas adsorption on finely divided 
solids < 8 ) ,  heat of adsorption ( 9 ) ,  contact angles ( l o ) ,  and zeta 
potential (11) techniques are usually analyzed in terms of thermo- 
dynamic interactions between bulk heterogeneous phases. Fundamental 
interpretation of these measurements in terms of dispersion force 
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Figrtre 4. Simplified schematic diagram illustrating L ~ O  techniques 
that provide in-depth study of heterogeneous samples. 
resolved photoemission (on the left) is non-destructive but limited 
to the top few monolayers. On the right, milling a crater in the 
sample surface with an ion beam while analyzing the new surface 
with Auger electron emission, can provide a chemical profile many 
pm into the surface but is destructive. 
Angle- 
and acid-base interactions between phases at the interface (12) 
should provide correlations with atomic properties obtained from 
energetic beam techniques (13). 
Many new energetic beam techniques are developing for specific 
purposes. For example, surface - EXAFS (Extended X-ray Absorption 
Fine Structures) promises to determine directly the bond lengths 
and positions of atoms adsorbed on substrates ( 1 4 ) .  Also  Fourier 
Transform technique and digital substraction promises to expand the 
use of Infrared analysis of surfaces (IS). 
Applications 
Adhesion. Energetic beam techniques have been used in 
fractographic analysis of such diverse systems as Ta2N-TiPdAu films 
on A1 0 substrates (16) and epoxy adhesives on “Teflon” f luo ro -  2 3  polymer (17). A unified theory of adhesion has been promoted which 
6 
considers  s t r e n g t h  as a product of p r o p e r t i e s  represent ing  bulk 
mechanical behavior and i n t e r f a c i a l  bonding (18). Q u a l i t a t i v e  
a n a l y s i s  seems t o  i n d i c a t e  whether t h e  latter is  t h e  weak l i n k  i n  
adhesive f a i l u r e .  I n  the  case of a s t r u c t u r a l  epoxy adhesive,  t he  
i n i t i a l  l ocus  of f a i l u r e  was found to be pr imar i ly  cohesive through 
t h e  adhesive,  using SEM and e l e c t r o n  probe microanalysis  with a T i 0 2  
tracer i n  t h e  adhesive. However, a f t e r  water immersion, a complex 
locus of f a i l u r e  was  found. The path of f r a c t u r e  occurred between 
t h e  oxide s u r f a c e  l a y e r  and the  epoxy adhesive,  a l t e r n a t i n g  onto  
t h e  adhesive l a y e r  (19). Carrying on f u r t h e r ,  Auger, ESCA, and 
SIMS were employed t o  a s c e r t a i n  t h e  mechanism of d u r a b i l i t y  
conferred by silane-based primers. Frac tures  were c a r r i e d  o u t  i n  
t h e  a n a l y s i s  chamber, and p r o f i l i n g  more c l e a r l y  de l inea ted  epoxy 
primer, oxide, o r  o ther  s u r f a c e  l aye r s .  Environmental r e s i s t a n c e  
c o r r e l a t e d  d i r e c t l y  wi th  FeSiO+radicals de tec ted  i n  SSIMS (20 ) .  
D. T. Clark and co-workers a t  Durham (U.K.) pioneered appl ica-  
t i o n  of ESCA t o  s t r u c t u r e  and bonding s t u d i e s  i n  polymers (21). 
systematic  i n v e s t i g a t i o n  of homopolymers, combined with molecular 
o r b i t a l  c a l c u l a t i o n s  confirmed t h e  a b i l i t y  of ESCA t o  e l u c i d a t e  
polymer-surface chemistry (22). C r i t i c a l  t o  p r e c i s e  Ftudy of 
organic  s u r f a c e  l a y e r s  is t h e  mean f r e e  path of photoelectrons,  now 
c a r e f u l l y  determined t o  be 1.3nm and 2 . 9 ~ 1  a t  969 e V  and 1430 e V ,  
respec t ive ly ,  f o r  uniformly deposited films of poly-(p-xylyene) (23). 
This  background was used t o  analyze a v a r i e t y  of s u r f a c e  e f f e c t s  i n  
polymers such as contamination from mold release agents ,  entrained 
emuls i f ie rs ,  p l a s t i c i s e r s ,  and c a t a l y s t s .  Further ,  chemical 
modif icat ion OY ox ida t ion  and f l u o r i n a t i o n  were defined i n  terms of 
k i n e t i c s  and mechanism as  these  r e a c t i o n s  proceed i n t o  t h e  top 
3-5nm. Fina l ly ,  t hese  workers have expl ica ted  a v a r i e t y  of e f f e c t s  
of i n e r t  and r * c t i v e  gas  plasmas upon polymer, including mechanism 
of energy tranc .er ,  cross- l inking,  g r a f t  polymerization, and 
oxida t ive  degradation (24). 
A 
With more s p e c i f i c  i n t e r e s t  i n  adhesive bonding, sur face  
s t u d i e s  showed a t h i c k  oxidized f i l m  a s  molded i n  a i r  a g a i n s t  
aluminuln f o i l ,  but i f  t h e  f i l m  w a s  peeled from t h e  f o i l ,  e s s e n t i a l l y  
bulk f a i l u r e  occurred and t h e  oxidized l a y e r  was confined t o  t h e  
top monolayer (25). Composition d a t a  from ESCA on commercial 
polymers subjected to  plasmas (26) o r  chemical e tches  (27,281 have 
provided new information t o  design s u r f a c e  t reatments  f o r  adhesive 
bonding a p p l i c a t i o n s  i n  p a r t i c u l a r .  
The usefulness  of modern energe t ic  beam a n a l y s i s  t o  micro- 
e l e c t r o n i c s  processing is evidenced by a number of cont r ibu t ions  t o  
t h i s  Symposium. Hctlloway has reviewed a p p l i c a t i o n s  of ESCA, AES, 
I S S ,  and SIMS t o  s u c s t r a t e  and s u b s t r a t e  processing, deposi ted f i l m s ,  
pa t t e rn ing ,  interconnect ion,  and compatabi l i ty  (29). Because over 
50% o f  device c 'ai iures a r e  r e l a t e d  t o  i n t e r f a c i a l  phenomena, p a r t i -  
c u l a r  e f f o r t  has been made t o  understand cleaning techniques.  
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Generally i t  has been found that plasmas, u l t r a v i o l e t  r a d i a t i o n ,  
and ozone are more e f f e c t i v e  than ion  s p u t t e r i n g  o r  chemical e tches  
i n  removing carbon contaminants (30,31). Q u a n t i t a t i v e  AES s t u d i e s  
ind ica ted  t h a t  about 0.5nm was t h e  maximum contaminant thickness  
allowable and s t i l l  r e t a i n  p r a c t i c a l  bondabi l i ty ,  al though t h e r e  
was a marked dependence on t h e  type of bonding technique (32). 
Troublesome inorganic contaminants, notably Ag and Na, a r e  w e l l  
known t o  segregate  t o  t h e  s u r f a c e  from t h e  bulk during processing 
(33). 
adhesion (34). On t h e  o t h e r  hand, a b e n e f i c i a l  e f f e c t  was found 
€or  t h e  adhesion to A1203 when bulk impur i t ies  Ca and Si were 
found tL segregate  t o  t h e  s u r f a c e  (16). I n  a similar system, t h e  
unique p r o p e r t i e s  of  high energy i n  backscat ter ing were used t o  
monitor t h e  migration of s i l i c o n  through Au, Ag, and A 1  f i lms  a t  
temperatures less  than ha l f  t h e  e u t e c t i c  temperature (35). Bulk 
p r o p e r t i e s  such as d u c t i l i t y  minima i n  Zircaloy seem t o  be r e l a t e d  
t o  carbon segregat ion and metal carb ide  formation, as analyzed by 
AES (36). 
These e f f e c t s  can l ead  t o  device i n s t a b i l i t y  and poor 
Surface cleaning s t u d i e s  on g l a s s  (37) and t i tanium a l l o y  (38) 
demonstrate t h a t  a redepos i t  of 
sur faces  i n  t h e  ambient environment. 
l i g h t  w i l l  minimize t h e  e f f e c t .  
carbon contamination forms on these  
Storage under u l t r a v i o l e t  
Corrosion. Corrosion is c l o s e l y  r e l a t e d  t o  adhesion; t h e  
appearance of corrosion is i n d i c a t i v e  of l o s s  of adhesion between 
the  pa in t  and t h e  underlying subs t r a t e .  General co’rrosion mechanisms 
have been proposed t o  account f o r  both anodic (oxidat ion)  and 
cathodic  ( reduct ion)  r e a c t i o n s  (39). I t  has been shown t h a t  
adhesion f a i l u r e  under anodic condi t ions is due t o  displacement of 
t h e  p r imer  by hydroxide ions electrochemical ly  generated a t  the  
paint /metal  i n t e r f a c e  ( 4 0 ) .  Resin composition markedly a f f e c t e d  
t h e  r e a c t i o n  rate. Recently, t h e  use of photoelectron spectroscopy 
i n  corrosion sc ience  has been reviewed, including a p p l i c a t i o n s  t o  
passive f i lms,  s o l i d  state r eac t ions ,  electro-chemistry,  and 
aqueous corrosion,  concluding with examples of t h e  concurrent use 
of ESCA and ion  beam etching (41).  
Figure 5 presents  a s impl i f ied  model of t h e  general  corrosion 
mechanism t h a t c a n  b e  i n fe r r ed .  Moisture a c c e l e r a t e s  t h e  e l e c t r o -  
chemical r eac t ions ,  and inorganic  contaminants may draw moisture 
through t h e  f i lm  as w e l l  a s  conduct cu r ren t  and r eac t  with f i l m  o r  
subs t r a t e .  Recent ESCA work on t h e  locus of f a i l u r e  i n  t h e  l o s s  
of pa in t  adhesion s p e c i f i c a l l y  i d e n t i f i e d  s a p o i f i c a t i o n  of t h e  
polyner a t  t h e  i n t e r f a c e  by hydroxide ions generated i n  anodic 
corrosion (42). 
A thorough s tudy of contamination and corrosion w i l l  require 
not only mul t ip le  energe t ic  beam techniques, but also .in b& 
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Figure 5 .  Schematic model of a general mechanism of corrosion. 
Inorganic contaminants and moisturr accelerate electro-chemical 
reactions that saponify the coating and corrode the substrate. 
reactions, to form ideqtifiable derivatives. For example, Ion 
profilingfAuger spectroscopy revealed the interactions between 
sulfur dioxide and modified 440C stainless steel at different 
temperatures ( 4 3 ) .  
ties of sulfur and oxygen on the surface, and the sulfur did not 
form a metallic surface phase. Instead the oxide layer thickness 
increased the presence of SO2, especially between 500° and 6OO0C 
where the oxide became thicker by a factor of seven. 
SO2 adsorbed dissociatively with equal quanti- 
The use of freshly cleaved in J d u  bulk samples as controls 
for contamination and surface studies is important. This was 
illustrated in the Auger analysis of E and S glass fibers ( 4 4 ) .  In 
S glass, magncsium and aluminum are concentrated on the fiber glass 
surface, whereas in E glass, chlorine, silica, and aluminum show 
surface segregation. 
depl-etion of cations in soda lime-silica glass analysis, profiles 
werc obtained by making a linear series of analyses along the 
surface of a sloping ramp etched into the glass in a separate ion 
bombardment operation (45). 
In order to control progressive beam-induced 
- Wear. The interactions between polymers and metals in touch- 
and slidin,-contact were elucidated by Field-Ion Microscopy (FIM) 
and Auger spectroscopy. Strong adhesion between the organics and 
all metals (clean or oxidized) was observed ( 4 6 ) .  Using field-ion 
microscopy with increasing voltage, electron Induced desorption in 
the vicinity of 20 keV indicated chemical bonding of polymer t o  the 
metal surface. ESCA studies in friction, lubrication, and wear are 
exemplified by a variety of experiments on wear conditims ( $ 7 ) .  A 
sulfide was formed at the expense of cxide under severe wear. In 
mild wear scars, however, t he re  was no evidence of s u l f i d e  o r  
mercaptide, be.'. t h e  oxide l a y e r  th ickness  doubled. Further ,  i t  
was determined t h a t  su r f ace  chemistry w a s  a func t ion  cf  wear rate 
r a t h e r  than loed. 
EXPERIMENTAL 
Apparatus 
A combined ESCA/Auger instrument  (PHI Model 550, Physical 
Elec t ronics  Indus t r i e s ,  Inc., Eden P r a i r i e ,  MN), with  a double pa: 
Cy l ind r i ca l  Mirror Analyzer (CMA) descr ibed by Palmberg (48) was 
used. Auger depth p r o f i l e s  were obtained wi th  a coax ia l  e l ec t ron  
gun and simultaneous i o n  beam e tch ing  using 2 keV Ar' ions  from a 
d i f f e r e n t i a l l y  pumped P H I  gun. A magnesium x-ray source (1254  eV) 
operated a t  10 kV and 60ma produced the  ESCA r e s u l t s .  
t i o n  of su r face  from sub-surface components was lade with angle- 
resolved spec t r a  using Lapeyre's drum/aperature arrangement (49) 
r e s t r i c t i n g  the  cone of acceptance of t h e  CMA t o  normal o r  grazing 
angles ,  
D i f f e ren t i a -  
Materials 
The fluoropolymer sample was suppl ied by NASA L e w i s  Research 
Center. 
a t a r g e t  f o r  ion-beam-sputter modif icat ion s t u d i e s  (50). We 
analyzed both s i d e s  of t h e  t a rge t :  S ide  1 r ep resen t s  a case of 
i n t e m i o n a l  contat. :lation, while Side 2 had been rouphened by an  
argon beam from an  8cm ion  th rus t e r .  Also, we co l l ec t ed  spec t r a  
from a t h i n  fluoropolymer f i lm  t h a t  was deposi ted on aluminum foil 
placed iear t h e  target during spu t t e r ing .  
A piece of commercial "Teflon" FEP shee t  s tock  was  used as 
The t i tanium 6-4 was obtained from NASA Langley Recearch Center 
a f t e r  g r i t  b l a s t ing  and degreasing. 
t reatments  were s tudied  i n  d e t a i l  (51); a comparison between two 
types:  
t h e  importance of depth p r o f i l e s .  
P. v a r i e t y  of ox ida t ive  su r face  
phospha=e/fluori.de and anodized was se l ec t ed  t o  i l l u s t r a t e  
RESULTS AND DISCUSSION 
Ion Sput tered Fluoropolymers 
T h e  angle-resolved LSCA photoemission from both sides of t he  
"Teflon" FEP ion-sput ter ing t a r g e t  are shown i n  F i g u e s  6 and 7 .  A 
quick glance a t  t h e  spectra shows a g r e a t e r  concent ra t ion  of 
P nNGLL 
/ CF 
291 293 239 28, 231 
BINDING ENERGY (EV) - 
Figure 6 .  
"Teflon" FEP showing s igni f icant  hydrocarbon i n  the surface and sub- 
surface layers. Dominance of fluorocarbon signal a t  normal incidence 
Angle-resolved ESCA photoimission from contaminated 
means the overlying contamination must b e  <3&1 
I------ I OW -ETCIIED ANGLE 
29! 293 28'3 205 731 
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Figure 7 .  
"Teflon" FEP top monolayer is part ia l ly  hydrocarbon in  nature, 
whereas rile rface appears ent ire ly  fluorocarbon. 
Angleiresolved ESCA photoemission from ion-etched 
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Table I. Peak Intensity Ratios Lrom Angle-Resolved E S u  Spectra 
Sample 
ESCA 
0 - CH -F Take-of f - 
AnRle CF CF co 
"Teflon" FEP target, Integral 2.7 1.1 1.6 
side 1 Normal 2.9 0.9 1.8 
contanrinated Grazing 2.6 2.0 1.2 
"Teflon" FEP target. Normal 2.6 0.2 - 
side 2 Grazing 4 .3  0.7  - 
ion-etched 
"Teflon" FF2, Integral 2.6 - 
sputter-deposit 
hydrocarbon material on the contaminated side of the target. 
ever, the ratio of hydrocarbon to fluorocarbon does change upon 
normal incidence, indicating a thin contaminating surface layer. 
The ratio of hydrocarbon:fluorocarbon is quantified in Teble I, 
which also shows ficorine:fluorocarbon and 0xygen:oxidized-carbon 
ratios obtained from zhree fluoropolymer specimens. Note that 
"int-qrated" photoelectron collection (cone of rotation around the 
CYA asis) produces resol% thatare closest to those frcm normal 
incidence on the contaminated FEP sample. The grazing incidence 
results are high in hydrocarbon compared to either the normal or 
integral results, further indicating the top surface concentration 
of the hydrocarbon m.-. erial. 
Eow- 
The ton-etched FEP has a very rough surface structure, as seen 
in Figure 8 ,  which may explain the unusual composition results. 
First, hydrocarbon is present in only the first atom Lyer or two, 
because its signal virtually disappears in normal incidence. 
Moreover, the hydrocarbon:fluorocarbon ratio increases by a factor 
of 3.5. More interesting is the fact that f1uorine:fluorocarbon 
ratio increases by a factor of 1.7 frJm normal to grazing incidence 
The grazing angle results are highe;. in fluorine relative to 
fluorocarbon by a factor of 1.7 conpared to any of the other 
fluoropolymer surfaces. Apparently, an increased concentration of 
fluorine is trapped in the thin, rough overlayer of crusslinked 
fluorocarbon polymer. 
Figure 8. SEM photomicrograph (1000~) of ion-sputtered "Teflon" 
FEP, f o r  which t h e  ESCA spec t r a  are shown i n  Figure 7. The su r face  
is rough and p i t t e d  t o  a n  extreme. Aspe r i t i e s  are less than lpm i n  
diameter and seem t o  p ro jec t  several micrometers above t h e  surface.  
Surface-Treated Titanium 6-4 Alloy 
Morphological and s t r u c t u r a l  d e t a i l s  of a v a r i e t y  of su r face  
t reatments  on T i  6-4 a i l o y  were obtained by SEN and ESCA (51) .  
Further  e luc ida t ion  of these  su r face  s t r u c t u r e s  i s  shown with 
Auger depth p r o f i l i n g  i n  Figures  9, 10, and 11. Figure 9 r ep resen t s  
t he  Auger spectrum obtained ( i n  seconds) from t h e  T i  anodized sample  
a t  t h e  e rd  of t he  depth p r o f i l i n g  experiment. All of t n e  cons t i -  
tuents  of t h e  a l l o y  and oxide su r face  are v i s i b l e ,  including a 
s i g n i f i c a n t  carbon component t h a t  arises from t h e  su r face  treatment 
and an  argon component der iv ing  from implantat ion during the  
c o l l e c t i o n  of p r o f i l e  da ta .  The con t r a s t  between Figures  9 and 10 
i l l u s t r a t e s  t h a t  t h e  anodized T i  6-4 has  an  oxide su r face  l a y e r  a t  
least th ree  times as  t h i c k  as t h e  oxide l aye r  produced i n  the  
phosphate-fluoride treatment.  It i s  important t o  note  from both 
p r o f i l e  experiments t h a t  a s i g n i f i c a n t  carbon contamination e x i s t s  
throughout t he  or+.de l a y e r  and is not  simply a su r face  contaminant 
caused by handling. 
13 
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Figure 9. Auger spectrum taken at  the end of ion Profil ing through 
the  oxide lay& on-anodized titanium 6-11 alloy. 
mental canstituents appear, including argon ircplanted during 
sputtering. 
The principal ele- 
I -\ 
Figule 10. 
w i t h  Ta205 a t  O.lnm/sec.) of anodized titanium 6-4 a l l o y .  
layer thickness of approximately 60nm and a s igni f icant  carbon 
percentage througnout the oxide layer are obvious. 
Simultaneous Auger/ion-milling depth prof i le  (calibrated 
An oxide 
14 
DEPW 
Figure 11. 
phosphate/fluoride treated Ti 6-4 alloy. 
is apparent, with carbon also penetrating the oxide layer. 
Simultaneous Augerlion-milling depth profile of 
A very thin oxide 1aye.r 
CONCLUSION 
Modern surface analysis has promoted new understanding of 
contamination effects in the related fields of adhesion, corrosion, 
and wear. Successful applications require an understanding of the 
fundamentals of each energetic beam technique and their synergistic 
combination. Depth profile information is necessary to understand 
heterogeneous specimens, as illustrate? with angle-resolved ESCA 
photoemission on fluoropolymers and ion-sputterlAuger analysis of 
ox:'-dized titanium 6-4 alloy. 
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REDUCTION OF CONTAMINATION ONTITANIUM SURFACES STUDIED BY ESCA 
* * + W. Chen , D. W. Dwight', W. R. Kiang and J .  P. Wightman 
Virginia Polytechnic Institute acd State University 
Blacksburg, Virginia 24061 
X-ray photoelectron spectroscopy (ESCA) was used 
to determine compositions of some titanium and Ti 6-4 
alloy surfaces before and after a variety OF cleaning 
pretreatments. Although ubiquitous carbon contaminating 
layers were present, trace elements characteristic of 
specific etching solutions were detected. Wnen the same 
specimens vere analyzed in the AET ES-100 and the duPont 
650 photoelectron spectrometers, excelfelt agreement was 
obtained in binding energy values, but peak intensities 
were significantly different. Two types of argon plas- 
mas (external to the spectrometeL.) were rapid and effec- 
tive to reduce carbon contaminanrs tc a minimum, pto- 
moting identification of trzce elements associated with 
the substrate. I 
INTRODUCTION 
Titanium 6-4 a l l o y  is a highly s t a b i l i z e d ,  alpha-beta phase 
a l loy ,  using 6% aluminum as t h e  alpha s t a b i l i z e r  and 4% vanadium 
as the  be t a  s t a b i l i z e r ,  imparting toughness and s t r e n g t h  a t  
temperatures up to  627 K (750’F) (1). The gene ra l  cor ros ion  re- 
s i s t a n c e  of t i t an ium a l l o y s  is supe r io r  t o  many common engineer ing 
metals, because of its na tu ra l ,  tenacious,  se l f -hea l ing  oxide f i lm,  
u sua l ly  deve loped’ ia  t h e  environment of water (2) .  However, i n  
j o i n i n g  t i t an ium a l l o y s  by welding, adhesive bonding, or o t h e r  
techniques,  i t  is d i f f i c u l t  t o  c l ean  and prepare good bonding sur-  
faces .  
veloped over t h e  pas t  decade (31, and increas ingly  soph i s t i ca t ed  
measurements are being used t o  cha rac t z r i ze  t h e  su r faces  involved. 
A v a r i e t y  of spec ia l i zed  su r face  t rea tments  have been de- 
The use  of a l k a l i n e  and phosphate l f luor ide  su r face  t rea tments  
on T i  6-4 were charac te r ized  i n  a review of su r face  a n a l y s i s  ap- 
p l i e d  t o  s e v e r a l  adherends. Differences between t reatments  were 
seen by Scanning Electron Microscopy (SEM) and i n  su r face  elemental  
composition a s  determined by Elec t ron  Spectroscopy f o r  Chemical 
Analysis (ESCA) (4). Other su r face  prepara t ions  f o r  t i tanium have 
been descr ibed,  but withour d e t a i l e d  a n a l y s i s  ( 5 ) .  In  a s tudy  of 
a p ropr i e t a ry  s t r u c t u r a l  adhesive (HT 4 2 4 )  with aluminum 2024-T3 
and Ti 6-4, elI.ipsometry and su r face  p o t e n t i a l  d i f f e rence  measure- 
ments i d e n t i f i e d  s u b s t r a t e s  which would r e s u l t  i n  poor adhesive 
bonding ( 6 ) .  The use of Auger Electron Spectroscopy (AES) w i t h  
ion-sput ter ing depth prof i l  i n s ,  e l ec t ron  microscopy and t l i f  f r a c t i o n  
and x-ray d i f f r a c t i o n  showed t h a t  t h e  locus-of-fai lure  a l t e r n a t e d  
between the  su r face  oxide l a y e r ,  t he  i n t e r f a c e  and primer l a y e r ,  
and i n t o  the  bulk adhesive.  Phosphate/f luoride and Turco su r face  
t reatments  gave similar bond s t r e n g t h  and f a i l u r e  l o c i .  Only a 
n i t r i c  a c i d / f l u o r i d e  treatment produced low bond s t r eng ths ,  and 
t h i s  treatment l e f t  l a rge  copper concent ra t ions  i n  the  oxide f i l m .  
Determination of t ime-to-fai lure  ( d u r a b i l i t y )  a t  333 K (140OF) 
and 95% r e l a t i v i t y  humidity a t  var ious  loads,  ind ica ted  s t r e s s -  
d u r a b i l i t y  almost an  order  of magnitude g r e a t e r  wi th  phosphate/ 
f l u o r i d e  treatment t h a t  with alkal ine-cleaned a l loys .  Outdoor 
exposure i n  both s t r e s s e d  and unstressed adhesive j o i n t s  provided 
a similar comparison. By non-destructive thennoholography t h e  
rearrangement of t i tanium dioxide  from ana ta se  t o  r u t i l e  c r y s t a l  
s t r u c t u r e  was detected under the  bond. Electron d i f f r a c t i o n  de- 
tt*riiiiiitvI stlrT;lI.v si r t i r t t i rvs  111;it w t * t - t i  s I ; i l ~ i  l i ; t i - t l  w i l  It i t i i i s  I 11.11 
p r ~ ~ i i i t i t  1% ;iii,il;ist* I t r i m i t  i t i i i  ( I )  . S i i i i l  I;ir t i I i : ~ ~ ~ t - v ; i t  l t i t ! ;  Ii;ivt* l i t * t Q i i  
iii;idl* I)y 01 Iic*r wtirlccrs wliti ~-t~iiiiiilwt t Ii;i L ?, I O? v o  1 t i i i i ( *  t*li;iiigl* ; i t * -  
companies t h e  phase change, and may adversely af Fect bond d u r a h i l i t y  
( 8 ) .  
? .  a .  
Nylon-supported FM400 (modified epoxy) adhesive was used in 
conjunction with a corrosion inhibiting primer in a bond durability 
study of six different treatments on Ti 6-4 alloy. 
termined'at 1.03 x 107Nm-2 (1500 psi) stress, 334 K (160'F) and 
100% relative humidity. Samples of lowest lifetime showed the 
greatest amount of interfacial failure, and longer-lasting surface 
treatments (lifetimes varied from 15 to over 1000 hr) produced 
evidence of more cohesive failure in the adhesive layer. 
phosphate/fluoride surface treatment showed the lowest lifetime 
while several other acid treatments (pre-treated with base) pro- 
duced lifetimes averaging around 500 hr (9). AES/ESCA/SIMS were 
used simultaneously to study the oxidation of titanium in the mono- 
layer range (10). Successive stages of oxidation led to sign-ificant 
changes, first in the AES, then in the SIMS signals, and finally to 
a chemical shift in XPS. Also a number of treatments of titanium 
6-4 alloy and pure titanium were studied with x-ray and electron 
diffraction, and no anatase form was found (11). 
found oxidation of the metal was twice as fast as the alloy in water 
vapor at high temperature and pressure, and only rutile was found 
Lifetimes de- 
The 
Another study 
(12) 
Weconcluded that the literature contains useful information on 
titanium, its alloys, surface treatments and adhesive bonding, but 
specific details of chemical and morphological structures that re- 
sult*from several commercial processes are not available or the data 
are conflicting. 
common treatments steps using scanning electron microscopy (SEM) 
with energy dispersive analysis of x-ray fluorescence (EDAX) and 
x-ray photoelectron spectroscopy (ESCA). As a first stage in ac- 
cessing the relative durability of the different surface treatments, 
changes occasioned by aging at 505 K (450'F) were monitored. 
Thus we undertook a systematic study of many 
In general, our results showed that surface chemical compo- 
sition was relatively constant, while profound changes occurred in 
morphology. The SEM result? have been published elsewhere (13) , 
but can be summarized briefl- 's follows: Ti 6-4 coupons had 
totally different morphology 
that destroyed the original structures, leaving the surface heavily 
worked and fragmented and covered with minute fracture debris. 
Aluminum content significantly increased (uniformly and no A1203 
grit blast particles appeared). Each of the Pour chemical surface 
treatments produced untque surface morphology, and only the two 
i l c id  treatnicnts bore any resemblance to cncli other. A qual itat i v e  
ranking: 
considering both (1) degree of rougliness, and (2) degree of change 
in surface morphology after a 10 hr, 505 K (450'F) exposure. 
Oxidation diminished tlic size of surface structures general lv, and  
favored the alpha phase at the expense of beta. 
. opposite side? before grit blasting; 
'rurco?l'clsa-Jell>pliosphote/f luoride>nnodize was made by 
? I  
a .  
I n i t i a l  ESCA r e s u l t s  on those samples ind ica ted  t h a t  25-752 
of t h e  photoemission der ived from a contaminating carbon overlayer .  
Plasmas have been demonstrated more e f f e c t i v e  than l i q u i d  reagents  
i n  reducing carbon contamination on rhodium and iron-cobalt  a l l o y  
(14). Water contac t  ang le s  and AES d a t a  were co r re l a t ed  i n  de t e r -  
mining t h e  amount of r e s i d u a l  contamination after each type of 
cleaning. AES w a s  used to  monitor t he  r e l a t i v e  e f f i c a c y  of 
c leaning boron-doped s i l k o n  (111) semiconductor wafers by s e v e r a l  
l i q u i d  reagents ,  plasmas, and ion-beam s p u t t e r i n g  (15). Again, 
i n e r t  gas plasmas were super ior .  
plasmas t o  reduce t h e  carbon contamination p r i o r  to ESCA ana lys i s .  
Therefore  w e  employed argon 
The r e s u l t s  reported below bear  upon th ree  points :  (1) Semi- 
q u a n t i t a t i v e  a n a l y s i s  of T i  6-4 a l l o y  s u r f a c e s  be fo re  and a f t e r  
four  commercial su r f ace  t reatments  and thermo-oxidative aging, (2 )  
Comparison between r e s u l t s  obtained i n  two photoelectron spectro- 
meters (AEI ES-100 and duPont 6 5 0 ) ,  and (3) Time s tudy of both 
custom and commercial plasma cleaning on pure t i tanium metal. 
EXPERIMENTAL 
Materials. Lap shear  coupons of T i  6-4 were provided by 
Pure t i t an ium f o i l  w a s  obtained from t h e  Alfa  
D. Progar, NASA Langley Research Center,  both before  and a f t e r  
g r i t  b l a s t ing .  
Divis ion of Ventron Corporation, Danvers, MA 01923. Anodizing 
was performed by the  Boeing Company using a p ropr i e t a ry  process.  
Procedures followed f o r  t h e  t h r e e  chemical trea.tments are  l i s t e d  
i n  Tables 1-111. Also samples a f t e r  each of t h e  four  t reatments  
were exposed f o r  10 and 100 hours a t  505 K (450'F) in afr .  
1. 
2. 
3. 
4. 
5. 
6 .  
7 .  
8 .  
9. 
IO. 
Table I. phosphate/Fluoride Treatment 
Solvent wipe - methylethyl ketone. 
Alkaline clean - immerse i n  SPREX AN-9, 30.1 g l t ,  353 K (80°C) 
f o r  15 min. 
Rinse - deionized water a t  room temperature.  
P ick le  - immerse f o r  2 min. a t  room temperature i n  so lu t ion  
contain'ing 350 g/ll of 702 n i t r i c  a c i d  and 31 g/L 48% HF. 
Rinse - deionized water a t  room temperature.  
Phosphate/f luoride treatment - Soak f o r  2 min. a t  room temper- 
a t u r e  i n  so lu t ion  containing 50.3 g/e of t r i  sodium phosphate 
(Na PO 1; 20.5 g/L of potassium f l u o r i d e  (KF); and 29.1 g/Q of 
48t3hyffrofltioric acid (HB). 
Iiinsc - dc i v i i i zcd  water ; i t  room t c m p c r ; i L i i r c ~ .  
Ihjt w n L c * r  s w i k  - t l c i o i i i z c t l  w ; i t c r  ; i t  378 I( ( I 1 5  C )  for 15 t i i i i t .  
r'innl rinse - deionized wntcr a t  room tempcrntrirr. 
Dry - , i i r  JL cwni  tcnipercltLirc. 
0 
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1. 
2. 
3. 
4. 
5. 
6. 
7.  
8. 
9. 
1. 
2. 
3. 
4. 
5. 
6.  
7. 
Solvent wipe - methylethyl ketone. 
Alkaline clean -'immerse in SPREX AN-9, 30.1 g/!L, 353 K (8OoC) 
for 15 min. 
Rinse - deionized water at room temperature. 
Pickle - immerse for 5 min. at room temperature in solution 
containing lSg nitric acid (HN03) 15% by weight; 3s hydro- 
fluoric (HF) acid 3% by weight; and 82g deionized water. 
Rinse - deionized water at room temperature. 
Pasa-Jell 107 Paste - Apply to the titanium surface with an 
acid resistant brush covering the entire surface by cross 
brushing. 
Dry - for 20 min. 
Rinse - deionized water at room temperature. 
Dry - air at room temperature. 
Table 111. Turco 5578 Treatment 
Solvent wipe - methylethyl ketone. 
AlkaliEe clean - immerse in Turco 5578, 37.6 g/P-, 343-353 K 
(70-80 C) for 5 min. 
Rinse - deionized water at room temperature. 
Etch - immerse in Turco-5578, 419 g/R, 353-373 K (80-1OO0C) 
for 10 min. 
Rinse - deionized water at room temperature. 
Rinse - deionized water at 333-343 K for 2 min. 
Dry - air at room temperature. 
Plasma Cleaninq. Both custom and commercial apparatus were 
used to reduce the carbon contamination on the titanium alloy 
coupons and pure foils. A "Plasmod" (Tegal Industries, 360 Wharf 
St., Richmond, CA 94804) with argon gas at 1 torr employed a 
crystal-controlled 13.6 MHz discharge at about 50 watts. The 
custom apparatus used argon at 5 torr and a Tesla coil (.IS MHz) 
discharge. 
while they were =.in the Plasmod. 
discharge were studied both before and after mounting the specimens 
on ESCA probes. 
In this setup specimens were electrically grounded 
The effects of the custom 
ESCA Analysis. Spectra on some samples were obtained on an 
AEI ES-LOO photoelectron spectrometer with an aluminum anode 
(Ka ,, = 1456.6 ev) and digital data acquisition. Rectangular 
(Sxh'rniii) samples were mounted on the snmpl c probcs using doub 1.e- 
sided aillicsive tape. In atldition, ESCA spectra 011 a11 snmplcs 
were obtained on a duPont 650 spectrometer with a magnesium anode 
(Ka = 1253.6 eV) and analog display on an I(-Y recorder. The 
carhn 1s level at 284.0 eV waS used to evaluate the work €unction 
of both spectrometers (16). C i r c d a r  (d  = 6 . 4  mm) samples were . .  
mounted on the  sample probes using double s ided adhesive tape.  
Wide-scan spec t r a  f o r  each sample were obtained using t h e  
duPont spectrometer ,  a t tempting t o  d e t e c t  a l l  su r f ace  components 
present  i n  s i g n i f i c a n t  amounts. The duPont spectrometer is espe- 
c t a l l y  s u i t e d  f o r  rapid ana lys i s ;  a wide scan (0-700 eV) can be 
obtained i n  about one hour. Narrow scan spectra were obtained t o  
e s t a b l i s h  p rec i se ly  t h e  binding energy and l n t e n s i t y  of each peak 
noted i n  t h e  wide scan. 
Elemental assiqnments f o r  each peak were based on s tandard 
b.inding energy t a b l e s  (16;. Fur ther  a n a l y s i s  of t he  ESCA r e s u l t s  
is poss ib l e  using the  measured i n t e n s i t i e s  (I ) i n  ccrunts/sec and 
tabula ted  pho toe lec t r i c  c r o s s  s e c t i o n s  (ui) 0 7 ) .  Using s e v e r a l  
assumptions the  following equat ion was der ived t o  approximate the  
atomic f r a c t i o n  (AFi) of a given su r face  species ( i ) :  
f *i/rJI 
AFi c (Ii/Ui). 
I t  should be emphasized t h a t  these  ca l cu la t ions  are semi- 
q u a n t i t a t i v e  a ,  bes t ,  and pr imar i ly  serve  t o  reduce t h e  da t a  t o  
comprehensible tab les .  
RESULTS AND DISCUSSION 
The ESCA r e s u l t s  discussed helow represent  two sapa ra t e  con- 
tamination s tud ie s .  The f i r s t  reli -.es to  four  common chemical 
t reatments  designed t o  c lean  and e t ch  T i  6-4 f o r  bonding. In t e r -  
ference of carbon contamination with ESCA ana lys i s  prompted the  
second s tudy o €  argon plasmas t o  reduce t h a t  contamination. 
Pretreatment and Thermal Aging 
The ESCA r e s u l t s  f o r  t hese  samples i n  Table I show t h a t  t h e  
g r i t -b las ted  sample has the  h ighes t  aluminum content ,  i n  agreement 
with FDAX r e s u l t s  (13). The l a r g e  carbon content  i nd ica t e s  organic  
contamination from the  g r i t - b l a s t  opera t ion .  
Anodize. Organic contamination from environmental exposure 
and sample I ~ i ~ n t l l i n g  p r i o r  to  ana lys i s ,  as  well a s  t lcpos i t inn during 
; I n i i I V H i H ,  inv;iri;ihIy c;ivc r i w  t o  ;i 1;irl:c c;ir111iii Is p1i i~tc~pt~: ik .  
I i i~ I ic * : i t  ivc- c i l  ~ c ~ t r ; i v ; i I ~ - i i t  I ~ s I I I ~ ~ ,  I I I ~ .  iii;iior I it.iiiiiiiii ?p .111d.'p , 
uxictt. pt ioLops:iks wcrc observed a t  4 0 4 . 0  and  4 5 7 . 7  cv, r c s p c c t i v c i l :  
'Ik scparotioii  oE the  two p e a k s  by 5.8 2 0.4 eV js i n  exce l l en t  
agrccmcnt w i t h  i1 p r e v i o u s l y  put 1 isherl s e p a r a t i o n  or 6.0 CV ( 1  0 ) .  
Oxygcti 1s pliotopcaks (529 .6  2 0.4 eV) were ul,scrvctl f o r  eacr;i s::mple: 
a r e l a t i v e l y  th i ck  oxide l aye r - fo r , t he  anodized sanple  was deter-  
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mined by ion milliiig,’AES protiling (18). ’The O/Ti ratio of 1.9 is 
close to the expected value f e r  Ti02. Vanadium is a 4% bulk com- 
ponent of Ti 6 - 4 ,  but its surface concentration was generally less 
than one.percent, and the stoichiometric ratio of A l / V  is greater 
than 1.5 determined from the bulk composition. A small rritrogen 
1s photopeak at 3P9.4 + 0.2 eV was noted. Fluorine W L S  present as 
a fluoride with 1s binding energy of ( 6 8 4 . 4  0.4 eV). Chloride 
ion was detected by 1 very weak 2p photopeak at 197.9 2 0.3 cV. 
Phosphate/Fluoride. The ESCA results (Table I) show traces 
of phosphorous, fluorine, potassium and chlorine from tl:e surface 
treatment process, retained in the surface through the rinsing 
step. 
Pasa-Jell. The results show t.lat chromium and silicon (in 
the Pasa-Jell 107 paste) are residual surface components after 
this treatment. 
_I Turco. The results in rhis case indicate minimum residual 
contamination. . Fluorine is the only element not associated with 
the substrate, and its  origin is unclear. 
Thermal Aging. A small amo:mt of nitrogen was detected in 
cnch of tlic samples a€ter 3ging for 10 I;wrs ;it 505 K ( 4 5 0 O 1 . ) ;  
otherwise, there were no significant changes in the ESCA spectra 
of any of the samples after 100 hr of thermal ag ing .  
energy values above agree closely with 1-reliminar) results on 
similar speLimens reported earlier (19). 
The binding ’ 
Lt should be re-emphasized that the cal :Jlated surfare com- 
positions are accurate to 5 15% at best, and care should he  cx- 
ercised in intcrpret.ig the results. On the other hand, most 
analytical techniques provide bulk elemental analyses, while the 
ESCA technique probes thc composition of the surface layer (<lOmt) . 
IN ly, wlilare attcnt ion i s  ~oc.usctl iii ~ i i i i i i v  prd)  I c m s .  I:or i::c.inip IC, 
in adhesion the definition of the interfacial region is tantamount 
to undcrstanding bond failure. The ESCA technique has shown the 
presence of different trace elements in the interfaciai region after 
specific chemical prerreatments. Some of these trace elements 
could serve as catalysts in polymer degradation and/or substrate 
corrosion, and tbereby influence bond durability. 
Table 11. ESCA Parameters for Anodized 
Ti 6-4 in two Spectrometers 
AEI ES-100 Peak 
Ass ignuen t BE (eV) 
F 1s 684.4H.1 - 4 
Cr 577.2 1 
- % 
0 Is 529.7+0.2 - 37 
c 1s (284.0) 43 
Ti (W 2p3,? 458.E.3 15 
duPont 650 
% 
684.W0.2 - t 
BE (eV) -
- - 
S29.8+0.2 - 19 
458.1i-O.  3 7 
(281.0) 73 
is remarkable consistency in the binding energies; also peak 
shapes were similar as gauged by a comparison of the peak widths 
at half-height. Chromium was detected in the AEI ES-100 but not 
in the duPont 650. In this case where the chromium surface con- 
centration was <1%, the repetitive scan, digital acquisition used 
with the AEI ES-LOO offered an advantage over the analog mode. 
The duPont multichannel analyzer was not in operation during this 
work, but appears necessary for analysis where the signal-to- 
background ratio is small. 
the AET and duPont spectrometers, respectively. This may be 
caused L * variations in either sample contamination, x-ray beam 
effects, or instrument geometry. 
The C/Ti ratios are 2 . 9  and 10.4 for 
Significant difference in peak intensities were noted with 
different spectrometers. The duPont 650 signals were typically 
30 times greater than those obtained with the AEI ES-100. The AEI 
ES-100 uses a slit between .'le sample slnd analyzer reducing trans- 
mission compared to the duDont 650; differences in intensity were 
expected. This results in faster analysis in the duPont spectro- 
meter. For example, actual analysis time for the five principal 
elements was 33 minutes in the duPont 650 spectrometer and 210 
minutes in the AEI ES-100 spectrometer. Sample contamination 
occurred to a gr2ater exterlt in the driPont spertromcter 3s f,?uged 
bv tlir 1;irKcr (;/'ri r;ttio. I<ccrwt stridiC*s & ) t i  ~ - 1 1 ~ .  hiii I d  I I ~  of I ~ I~ I I -  
tmiiiiiit ioii during I ISCA measnrcmcnts sliows tliiit the v x i i i i m  I c v c ~ l  
atid instrurncwtal €actors governing neutralization oE hole site 
are important fac\ors (20). Peak intensity diffcrenccs between 
our AEI ES-100 and duPont 650 spectrometers could !w due to s i m i l a r  
factors. 
? .  - .  
Figure 1. 
peak he igh t s )  as  a func t ion  of exposure time t o  A r  plasmas gen- 
e r a t e d  bv t h r e e  methods convenient f o r  subsequent ESCA a n a l y s i s .  
The decrease i n  C/Ti atomic r a t i o  ( d e t e p i n e d  from ESCA 
Comparison of Plasma Techniques f o r  Cleaning Titanium 
The ESCA r e s u l t s  suggest  t h a t  t he  removal of a carbonaceous 
: permit d e t e c t i o n  of t r a c e  elements a s soc ia t ed  with t h e  t i tanium 
Ferlayer might entance t h e  i n t e n s i t y  of s u b s t r a t e  photopeaks, 
 face. Wirhout i n  s i t u  argon ion cleaning,  t h e  quest ion is, 
:an an argon plasma e x t e r n a l  t o  t h e  spectrometer s i g n i f i c a n t l y  
dduce t h e  carbon contamination? 
were made on pure t i tanium f o i l ,  wi th  A r  plasmas generated under 
d i f € e r e n t  condi t ions.  Figure 1 shows t h e  C/Ti r a t i o  time of 
plnsin;i c -wst irr .  T t  is clc-;ir tlint most o f  t l ic  r 1 c ; i i i i i i K  n c - t i o r i  is 
, i ~ *~*o i i tp l  i;;l tvl w i  L l i i i i  r w r ’  i i i i i t i i L ( - .  !;tirlIit*rinort*, t Iii, I{S(:A lirol)t* sc*~ws 
L o  lead to  additional residual contaminants. as can be seen i n  
‘l’clble 1If. 
Three kimed series of ESCA s t u d i e s  
. 
Element 
0 
T i  
N 
ca 
C 
c1 
A 1  
S i  
Table 111. ESCA Parameters f o r  P e Titanium F o i l  
Exposed t c  Argon Discharges f o r  70 sec.  
As-Received 
7 BE 
529.4 5 
457.5 1 
-- 
- -
- -  - -  
284 .0 )  88 
197.9 2 - -  
102.2 3 
Custom (probe) 
BE 
529.4 10 
$57.6 4 
400.2 1 
346.8 1 
284.0)  66 
197.7 7 
x - -
- - 
101.7 3 
BE = Binding Energy (eV)  
Custom (no probe) 
BE 
529.3 31 
457.3 13 
x - 
- - 
346.6 1 
(284 .0 )  53 - - - - 
101.4 2 
Plasmod 
x BE 
529.3 3: 
457.7 I. 
399.0 1 
346.5 1 
284.0 3 
197.6 I 
118.5 1 
101.4 1 
- -
4: = Atomic Percent ,  from 
normalized peak in- 
t e n s i t  ies. 
Custom r f  discharge with sample on grounded probe. The ESCA 
r e s u l t s  obtained i n  t h i s  case de tec ted  calcium, ni t rogen,  potassium, 
s u l f u r  and z inc  a f t e r  argon cleaning,  each a t  less than 12. It is 
l i k e l y  t h a t  these trace elements r e s u l t e d  from sput te red  con- 
s t i t u e n t s  c f  t he  sample probe and the  glass walls of t he  plasma 
apparatus .  The CITi r a t i o  f o r  t h e  as-received T i  w a s  67,  and i t  
dec reased . s ign i f i can t ly  t o  1 9  a f t e r  70 sec. exposure t o  t h e  argon 
plasma. There is no f u r t h e r  s i g n i f i c a n t  decrease i n  t h e  carbon 
s i g n a l  even a f t e r  a 1 hr .  exposure. Since t h e  sample was mounted 
on a grounded probe, removal of carbon cmtaminat ion  is due to the  
ac t ion  of bcch  e l ec t rons  and argon ions.  
Custom rf discharge with sample grounded (no probe).  When' 
t h e  T i  sample  was grounded, but not mounted on a sample probe, 
only calcium was observed as  a trace contaminant a f t e r  argon plasma 
c 1 eon ins .  
Plasmod. The cdstom and PLASMOD r f  discharge appear equal ly  
e f f e c t i v e  i n  removal of the carbon contamination from t i tanium 
sur I ac*t*s. 
-- in s i t u  c leaning,  bu t  i n  l i e u  of t h i s  c a p a b i l i t y ,  external  argon 
plasma c leaning  can reduce carbon contamination s i g n i f  i canc ly ,  
l ead ing  t o  improved de tec t ion  of trace c o n s t i t u e n t s  on t he  sub- 
strate of i n t e r e s t .  
Binding energy values  obtained wi th  two d i f f e r e n t  des igns  of 
commercial photoelectron spectrometers  were in exce l l en t  agree- 
ment, but t he  r e l a t i v e  i n t e n s i t i e s  of photopeaks showed no  cor- 
r e l a t ion .  
Trace contaminants, c h a r a c t e r i s t i c  of d i f f e r e n t  processes  
used in t h e  pretreatment  of t i t an ium 4-4 a l l o y  remain i n  t h e  sur- 
f a c e  and are de tec ted  r e a d i l y  by ESCA. 
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